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ABSTRACT 
NET PRODUCTIVITY ON ARTIFICIAL REEFS IN THE MISSISSIPPI SOUND 
ESTIMATED FROM SETTLEMENT PLATE MEASUREMENTS 
by Viviana Mazzei 
August 2013 
The use of artificial reefs as a coastal management tool has become increasingly 
popular worldwide. The Mississippi Sound has 67 inshore artificial reefs sites, the main 
goal of which is to increase the production of economically and recreationally important 
fish, such as speckled trout, white trout, redfish, and black drum. The success of artificial 
reefs in meeting this goal depends in part on the quantity of primary and secondary 
production available on or near the reefs to support a reef-based food web. 
The objective of this study was to estimate phycoperiphyton net primary 
production and chlorophyll concentration on four artificial reefs in Mississippi Sound, 
using settlement plate arrays as proxies for the reef community. The aim of this study was 
to provide some insight into the value of artificial reefs in increasing benthic primary 
production in this highly turbid, soft-bottomed lagoon. Primary productivity and 
chlorophyll a were also measured for water samples to assess the contribution of 
phytoplankton to local primary production. 
Average reef phycoperiphyton net productivity estimates were negative 
suggesting that the reefs were net heterotrophic during the time of the study. However, 
phytoplankton production near the reefs was large enough to compensate for the negative 
benthic production, resulting in fairly large positive net habitat production estimates. 
11 
Secondary production by filter-feeding invertebrates on the reefs is a potentially 
important mechanism by which phytoplankton primary production is incorporated into 
benthic biomass and made available to higher trophic level consumers, including the 
target fish species with which fisheries managers on the Gulf coast are concerned. 
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CHAPTER I 
INTRODUCTION 
A Brief History of Artificial Reefs 
1 
Seaman and Jensen (2000) define artificial reefs as natural or man-made 
structures deployed on the seafloor to influence physical, biological, or socioeconomic 
processes related to biotic marine resources. Artificial reefs have been used for centuries 
all around the world to enhance artisanal fish harvests based on the observation that fish 
are attracted to structure (Polovina 1991). The United States began to construct artificial 
reefs in the early 1900s using materials of opportunity, discarded materials that no longer 
serve their original purpose (MDMR 1999). By the mid- l 950s this practice began to 
receive substantial publicity for its success in boosting fish harvests. The exposure led to 
questions about the biological effects of these structures on the marine environment and 
stimulated research on the subject (McGurrin et al. 1989). By the 1980s, interest in the 
applicability of artificial reefs as a natural resource management tool began to emerge 
(McGurrin et al. 1989f Before then the primary goal of artificial reef deployment was to 
attract and concentrate fish for commercial and artisanal fishing. Although artificial reefs 
are still used for this purpose today, more emphasis is being placed on the enhancement 
of fisheries production, mitigation of loss or damage to natural habitats, conservation of 
biodiversity, as well as recreational fishing and diving (Polovina 1991; Carr and Hixon 
1997; Stone 1985; Seaman 2007; Dupont 2008). 
An assortment of designs, varying in building material, shape, and size, have been 
used to maximize the success of artificial reefs in fisheries management and habitat 
mitigation (Pickering and Whitmarsh 1997). Around 80% of artificial reefs in the U.S. 
2 
are constructed from materials of opportunity; the other 20% are built using fabricated 
materials (Artificial Reef Subcommittees 2004). Materials of opportunity include natural 
materials such rock, shell, and wood, as well as man-made materials such as concrete, oil 
rigs, ships, and vehicles. Designed reef structures, which take into account physical and 
biological processes, became popular in the 1980s with the growing interest in artificial 
reefs as restoration tools (Artificial Reef Subcommittees 2004). These designs use 
materials of opportunity deployed in planned configurations as well as fabricated 
materials, such as Reef Balls TM, layer cakes, and cube modules, which can be engineered 
for durability and biological compatibility (Artificial Reef Subcommittees 2004). The 
ease with which modular reefs can be manipulated makes them ideal for ecological 
research of artificial reefs. Understanding the ecological structure and function of 
artificial reefs is necessary to evaluate the effectiveness of these reefs in meeting their 
prescribed goals. Although many artificial reef studies have been conducted, questions 
still remain about the impacts of these reefs on exploitable fish populations, such as 
whether they help increase fish production or merely make fish more accessible to 
fishermen without increasing stocks (Carr and Hixon 1997; Lindberg 1997; Seaman and 
Jensen 2000; Powers et al. 2003; Dupont 2008). Such questions are difficult to answer 
given that recreationally and economically important fish species will differ depending 
on the geographic location and the target fish species for a particular location will have 
different habitat requirements (Walsh 1985; Bohnsack et al. 1994). Furthermore, reef 
effectiveness will depend on the environmental conditions at a given deployment site, as 
well as reef design, material, and size (Beets 1989; Lindberg 1997; Pickering and 
Whitmarsh 1997; Baine 200 l ). This complexity leads to a large number of variables that 
need to be addressed in an attempt to answer the question of how artificial reefs interact 
with fish stocks, and requires many studies conducted in a wide variety of locations. 
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Official construction of artificial reefs off the coast of Mississippi began in 1972 
using derelict World War 11 Liberty Ships placed south of the barrier islands (Daniel and 
Seward 1975; MDMR 1999). Mississippi Sound is a lagoon-type estuary covering the 
entire gulf coast of Mississippi from Lake Borgne, Louisiana to Mobile Bay, Alabama. It 
is separated from the Gulf of Mexico by a series of barrier islands including Cat, Ship, 
Horn, Petit Bois and Dauphin islands. Since inception of the program, the state has 
continued to use "materials of opportunity", including oyster shells, limestone, and 
concrete, to build reef structures aimed at increasing fish catches in Mississippi's coastal 
waters (MDMR 1999). The Mississippi Artificial Reef Plan was created in 1999 by 
Mississippi ' s Department of Marine Resources as a guideline for artificial reef 
development on the Mississippi coast (MDMR 1999). The plan set aside 2100 acres for 
artificial reefs and placed Mississippi Gulf Fishing Banks, Inc. (MGFB), a local nonprofit 
organization, in charge of permitting and reef maintenance (MDMR 1999). Today, there 
are a total of 67 artificial reef sites in Mississippi Sound and about 15 offshore sites. 
Although the Artificial Reef Plan lists various objectives, the primary goal of Mississippi 
Sound artificial reefs is to enhance the production of economically and recreationally 
important fish, such as black drum, bluefish, flounder, redfish, speckled trout, and white 
trout. To achieve this goal, the reefs should ideally be a functional ecosystem with ample 
primary and secondary production to support a reef food web. 
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The Attraction versus Production Debate 
The tendency of fish and other motile animals to aggregate around structure, 
whether it is man-made, as in the case of artificial reefs, or natural, such as coral reefs, 
seagrass meadows, or a floating palm frond, has been well documented in the literature 
(Daniel and Seward 1975; Rajamani 1996; Castro et al. 2002; Dupont 2008). In the 
northern Gulf of Mexico large floating mats, or weed lines, of the brown macroalga 
Sargassum, are well known fish aggregating sites that provide food and shelter to pelagic 
species (Wells and Rooker 2004 ). Several studies have documented the rapid association 
of fish to artificial reefs even when natural reefs are present. A study on the colonization 
of an artificial reef in Boca Raton, FL documented the arrival of fish to the reef within a 
few hours of deployment and attributed the rapid colonization to a redistribution of fish 
from nearby natural reefs (Cummings 1994). Another study in south Florida reported 
rapid recruitment of fishes to artificial reefs by larval settlement and migration, with 
greatest diversity, abundance, and biomass occurring within two months of deployment 
(Bohnsack et al. 1994). Dewsbury and Fourqurean (2010) showed an increase in nutrient 
availability to algae and seagrass in the immediate vicinity of artificial reefs in 
oligotrophic Florida Bay and suggest that the increased nutrient levels are caused by the 
waste products of animals that are attracted to and gather at the reef. 
Artificial reefs create habitat complexity that can provide foraging and spawning 
sites for fish as well as refuge from predators. However, despite the prevalence of 
artificial reef use in fisheries management, there are insufficient data to make statements 
about the benefits of these structures to fish populations. One important question about 
the value of artificial reefs is whether these structures merely concentrate existing fish 
populations rather than contribute to new fish production (Pickering and Whitmarsh 
1997; Powers et al. 2003). Despite numerous studies, the question remains unresolved 
and has come to be known as the attraction versus production debate. 
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The attraction side of this debate argues that artificial reefs merely redistribute 
the extant fish standing stock without any increase in abundance (Bohnsack 1989; 
Pickering and Whitmarsh 1997; Wilson et al. 2001; Osenberg et al. 2002; Powers et al. 
2003 ). If habitat is not a limiting factor on fish production, the introduction of artificial 
reefs is expected to have no effect on the abundance or biomass of target fish populations 
(Pickering and Whitmarsh 1997; Powers et al. 2003). In this case, artificial reefs will 
function as fish aggregating devices, and fish attraction to the reefs will be a result of 
behavioral preference (Bohnsack 1989). Several behavioral mechanisms have been 
proposed to explain the aggregating behavior of fi shes including thigmotactic tendencies, 
i.e., the instinctual response of organisms to move toward and make contact with 
structure, or the use of structure for navigation and orientation. Fish may also be attracted 
to the shade provided by objects in the water because it allows them to see prey or 
predators in the surrounding sunlight waters more easily (Helfman 1981 ). The meeting 
point hypothesis proposes that objects increase the encounter rate between isolated 
individuals, an advantage to schooling fish species (Castro et al. 2002). The attraction 
argument contends that the presence of fish aggregations near artificial reefs is a result of 
behavioral mechanism, such as those mentioned above, and is not an indication of 
increased fish abundance or biomass. 
The production theory reasons that artificial reefs increase fish production by 
offering additional critical habitat that is limiting the abundance of the existing standing 
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stock (Bohnsack 1989; Pickering and Whitmarsh 1997; Wilson et al. 2001; Osenberg 
2002; Powers et al. 2003). If habitat is indeed limiting, the new habitat offered by 
artificial reefs should augment production by increasing the environmental carrying 
capacity and ultimately reef fish biomass (Pickering and Whitmarsh 1997; Grossman et 
al. 1997). Fish habitat is often limited by the availability of food and shelter (Bohnsack 
1989; Miller and Palace 2000). If either, or both, of these resources are limiting, the 
addition of reef structures should increase fish production by increasing refuges and/or 
food supplies and feeding efficiency (Bohnsack 1989). Fish that may be initially attracted 
to the reef as a result of instinctual behavior will find the necessary trophic resources they 
require for growth and reproduction, as well as refuge from predators. Artificial reefs 
intended for commercial and recreational fishing should result in enhancement of fish 
biomass through increased recruitment, decreased mortality, and/or increased growth in 
order to be considered successful (Brickhill et al. 2005). 
The attraction versus production controversy is not as black and white as its name 
might imply. Between attraction and production there are intermediate responses of fish 
populations to the addition of novel habitats. For example, concentrating target fish 
species at an artificial reef, regardless of whether production is enhanced or not, may 
cause them to become more vulnerable to predation and overfishing (Grossman et 
al.1997; Osenberg 2002). Powers et al. (2003) summarize four scenarios proposed 
separately in the literature that describe different possible effects of artificial reef 
deployment on fish stocks. The first scenario is that fish production does not increase and 
that there is no change in the standing stock, i.e., artificial reefs have no effect. Under the 
second scenario, fish production is enhanced through increased recruitment and growth 
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that had previously been limited by space and prey availability. The third scenario also 
supposes that fish abundance and biomass is augmented by artificial reefs but accounts 
for the increased mortality due to overfishing when fishennen take advantage of easy 
catches, resulting in lower production than scenario 2, but still increased production when 
compared to scenario 1. The fourth is the worst case scenario, which assumes that fish 
production stays the same and that mortality is further increased as a result of 
overexploitation of fishes that gather at the reefs ( e.g. , Nassau Grouper spawning 
aggregations), resulting in an overall reduction in fish standing stocks despite the addition 
of the artificial reefs. 
The focus of this study is on one aspect of the production debate, food 
availability, but it is important to remember that trophodynamics is only one factor 
influencing the production of fish species. Fish biomass and abundance may be enhanced 
even if primary production on the reefs is low in cases where shelter and recruitment sites 
are a stronger limiting factor than food availability. In fact, the literature suggests that 
artificial reefs are more important sources of shelter than food for many fish species 
(Bohnsack 1989; Lindberg et al. 2006). However, knowledge of the quantity of primary 
production added to a system by artificial reefs and the mechanisms of energy movement 
from producers to consumers on these reefs is crucial to the resolution of the attraction-
production argument. 
Trophodynamics 
The success of artificial reefs in increasing fisheries production depends in part on 
the trophic resources required to support fish populations (Miller and Falace 2000). The 
flow of energy between trophic levels begins with photosynthetic organisms that are able 
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to synthesize organic carbon from inorganic carbon and nutrients using light energy. 
These organisms, called primary producers or photoautotrophs, use the products of 
photosynthesis to satisfy their metabolic needs and store the excess energy as biomass. 
The energy stored in this biomass is passed up the trophic chain to primary consumers 
that directly consume the plant/algal matter. Trophic transfer of energy continues up the 
chain through the consumption of lower level organisms by higher level ones. 
Decomposers close the cycle by regenerating the nutrients and other inorganic 
compounds necessary for photosynthesis. Therefore, all organisms are dependent upon 
autotrophs, either directly or indirectly, for food. The study of primary production on and 
around artificial reefs is important since it will determine how much energy from in-situ 
carbon fixation is available to the reef fauna for survival, growth, and reproduction. 
Food webs can be benthic or plankton-based depending on whether the principle 
basal food source is benthic flora or phytoplankton in the water-column. Sand-Jensen and 
Borum (1991) developed a model to describe the autotrophic community based on water 
column nutrient levels and underwater light availability. According to this model, 
nutrient rich waters experience high phytoplankton production and low benthic 
autotrophic production because the former have a lower compensation irradiance (i.e., 
light level where respiration equal photosynthesis), faster growth rates, and assimilate 
nutrients quicker than benthic seagrasses or macroalgae. Under eutrophic conditions, the 
high phytoplankton biomass shades the benthic flora and depletes water column nutrients 
before they become available to benthic algae. The benthos in nutrient rich waters will 
instead be dominated by filter-feeding invertebrates, which are supported by the rich food 
source provided by the phytoplankton (Birkeland 1988; Miller and Falace 2000). 
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In contrast, benthic primary production is generally greater in coastal waters 
where nutrient concentrations are low to moderate and waters are clear (Birkeland 1988; 
Sand-Jensen and Borum 1991). In these environments, benthic seagrasses and 
macroalgae are the main primary producers (Knoppers 1994). For example, in healthy 
coral reefs where oligotrophic conditions persist, primary production is dominated by 
slow growing benthic macroalgae, such as turf and crustose coralline algae as well as 
calcareous, rhizophytic seaweeds (Carpenter 1985; LaPointe 1997; Adey 1998). When 
these systems experience eutrophication, algal abundance and community composition 
change to one dominated by fast-growing, fleshy and filamentous seaweeds and the reef 
may undergo a coral-algal phase shift (McCook 1999). Healthy seagrass beds also require 
clear, oligo- to mesotrophic waters due to their high light requirements. As in coral reefs, 
algae such as epiphytes, sediment microflora, and calcareous, rhizophytic seaweeds are 
part of a healthy seagrass community; however, if nutrient levels become elevated, the 
algal community will shift to one composed of opportunistic, fast growing forms, such as 
phytoplankton species and filamentous, mat-forming chlorophytes and cyanobacteria 
(Collado-Vides et al. 2011 ). 
Energy from primary production, whether benthic or planktonic, travels up the 
food web via grazer and/or detrital pathways. In the grazer pathway, the plant or algal 
material is consumed directly, while in the detrital pathway this material is colonized by 
bacteria and fungi , which break down the organic material making it easier for animals to 
digest as well as making it more nutritious. Detritus is more nutritious than vascular plant 
material (e.g., seagrasses, salt marsh plants) because the latter have a high lignin and 
cellulose content (i.e., refractory carbon source), which is indigestible by animals, and 
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have a low nitrogen content (Mann 1988). Microorganisms degrade the fibrous plant 
material, decreasing the fiber content and increasing the nitrogen content of the detritus, 
making it more nutritious for invertebrates (Mann 1988). Unlike vascular plant material, 
algae can readily be used directly as a food source by grazers because they contain little 
fiber (i.e., labile carbon source) and have higher nitrogen. However, colonization by 
microbes makes algal detritus even more nutritious than the living material and does so in 
a short period oftime (Tenore and Hanson 1980). Consequently, detrital pathways play 
an important role in the transfer of energy through aquatic food webs and can be 
particularly significant in turbid estuaries where low light levels may limit aquatic 
primary production and food webs depend on allocthanous inputs of mostly refractory 
organic matter (David et al. 2006). 
In turbid waters having shallow photic zones, like the Mississippi Sound, benthic 
algae are limited by the quantity and quality of light. Artificial reefs provide stable 
attachment sites for epilithic algae (i.e., growing on rocky substrates) and have surfaces 
higher up in the water column where more light may be available for photosynthesis. 
Marine periphyton (a complex of attached algae, bacteria, invertebrates, and detritus) 
forms quickly on submerged substrates and provides an additional food source in aquatic 
systems. Reef periphyton can provide a direct food source for grazing fish, crustaceans, 
mollusks, and worms, as well as an indirect energy source for higher level fish consumers 
through trophic transfer via grazing invertebrates and through their contribution of 
organic matter to the detrital chain. Primary production by phytoplankton also provides 
energy to higher trophic levels by supporting secondary production of filter feeding 
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invertebrates or planktivorous prey fish, which make this energy available to their 
consumers. 
As a result of the multitude of potential trophic linkages, a1tificial reefs need to be 
studied at the ecosystem level in order to understand how they function and how they 
influence existing populations of commercially important species. Primary production is 
an indispensable component to the study of reef ecosystem dynamics because most 
organisms are dependent on it at some point in the trophic chain. However, almost no 
studies have been conducted to estimate artificial reef primary production, with the 
majority of artificial reefliterature focusing on fish (Svane and Petersen 2001 ; Brickhill 
et al. 2005). Studies that have been conducted on artificial reef flora focus on 
colonization and succession and species composition and diversity (Bailey-Brock 1989; 
Hoagland et al. 1982; Cummings 1994; Palmer-Zwahlen and Aseltine 1994). Bridging 
this gap in knowledge is important if we are to decipher the attraction versus production 
debate and understand the value of artificial reefs to fisheries management. 
Algal Primary Production in Mississippi Sound 
Limiting Factors to Primary Production 
In muddy, highly turbid estuaries, such as Mississippi Sound, benthic and, to a 
lesser extent plank.tonic, primary production is limited by light (Cloem 1987; Cole and 
Cloem 1987; Wieland 1994 ). The photic zone is the surficial layer of water where 
sufficient irradiance is available for photosynthesis and its vertical extent is defined by 
the depth receiving 1 % of the irradiance at the surface. In turbid waters, the photic zone 
can be less than one meter. Muddy substrates and relatively shallow depths make it easy 
for sediment to be stirred up and resuspended, reducing the amount of sunlight 
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penetrating the water column (Lohrenz et al. 1999). Riverine input of suspended 
particulate matter also increases light attenuation in estuaries. Light penetrating the water 
column declines with depth due to absorption and scattering of photons by particles in the 
water column and the water molecules themselves (Kirk 2010). The exponential decline 
in light with depth is described by the Beer-Lambert Equation (I2 = I0 e-kz), from which 
the rate of light attenuation (k) can be calculated if irradiance at the surface (I0 ) and 
irradiance at depth z (I2 ) are known. 
Absorption and scattering in the water column also determine the spectral quality 
of light with depth. Photosynthetically active radiation (PAR), the waveband ranging 
from 400 to 700 nm, is that portion of the electromagnetic spectrum that is used in 
photosynthesis. The wavelengths penetrating the water column change with depth due to 
absorption and scattering, so that red light (longer wavelengths with less energy) is 
absorbed quickly in surface waters and blue light (shorter wavelengths with more energy) 
penetrates the deepest (Kirk 2010). The various photosynthetic pigments absorb light in 
different regions of the photosynthetic waveband so that an individual pigment has its 
own light absorption spectrum. Chlorophyll a is the main photosynthetic pigment in algae 
and plants. It has absorption maxima at 430 nm and 662 nm, but absorbs weakly from 
450 and 650. The presence of accessory pigments with absorption maxima falling 
between 450 and 650 nm fills in these gaps, extending the absorption spectra. Because 
different species of algae have different accessory pigments the absorption spectra will 
vary by taxonomic group. Therefore, the vertical distribution of light in the water column 
determines, in part, the depth distribution of autotrophs. 
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Nutrient availability is another important control on primary productivity. 
Nutrient limitation on primary production is generally controlled by nitrogen 
concentrations in marine and estuarine systems (Howarth 1988; Howarth and Marino 
2006). A positive relationship between dissolved inorganic nitrogen (DIN) concentration 
and primary production and biomass ( chl-a) is frequently observed, indicating N 
limitation (Underwood and Kromkamp 1999). Nitrogen, in the form of ammonium (NH4) 
and nitrate (N03), is required for photosynthesis and growth of autotrophs as it is a major 
component of amino acids and proteins. Phosphorus is the second most limiting nutrient 
in coastal waters. Organisms require phosphorous to synthesize ATP, the primary energy 
molecule, and for the construction and maintenance of the phospholipid bilayer of 
cellular membranes. A comprehensive study of water column nutrient concentration in 
Mississippi Sound has not been published since Eleuterius' (1976a) work on the temporal 
and spatial distribution of nutrients. He found that phosphorous levels were highest from 
late summer to December and lowest from December to April, while nitrates displayed an 
inverse seasonal pattern. He also reported a general decline in nutrient concentrations 
from east to west and with increasing distance from the shore. The Northern Gulf 
Institute (NGI) is currently working on a project in which nitrogen and phosphorous 
concentrations are being monitored in various systems of the northern Gulf, including the 
Mississippi Sound; but this data has not yet been made available. 
According to Eleuterius (1976a), the Mississippi Sound has low to moderate 
nutrient levels, which it receives from river discharge, groundwater runoff, and organic 
matter inputs from the coastal salt marshes. Although the Mississippi Sound has been 
categorized as oligotrophic, this does not necessarily imply nutrient limitation. The 
14 
observation of low water column nutrient concentrations could be due to rapid uptake by 
phytoplankton and efficient nutrient cycling, which prevents the accumulation of 
nutrients in the water column. Furthermore, nutrients regenerated in the sediments can be 
made available for water column production as a result of sediment resuspension through 
vertical mixing (i.e., benthic-pelagic coupling), although sediment microflora may take 
up most of the regenerated nutrients before they can be mixed back into the water (Flindt 
et al.1999). In a study on nutrient dynamics in Galveston Bay, which like the Sound is 
shallow with muddy sediments but experiences less tidal exchange, Pinckney (2006) 
found that phytoplankton biomass increased significantly in response to N03 addition, 
indicating N-limitation. In their study benthic regeneration provided a steady supply of P 
to the water column and it was a major source ofN (in the form ofNH4) during periods 
of low river flow. 
Temperature and salinity are also important regulators of primary production and 
most species have optimal ranges for efficient metabolic functioning. In the Mississippi 
Sound, annual surface water temperature ranges from 7-11 ° C in the winter and from 25-
28 °C in the summer (Wieland 1994). Both photosynthesis and respiration increase with 
temperature up to an optimal point or range, which differs by species, after which 
increased temperatures may result in protein denaturation and eventual death (Davison 
1991). During winter, low water temperatures cause metabolic rates, and therefore algal 
production, to decline, especially in phytoplankton which also experience nutrient 
limitation in the winter due to lower nutrient regeneration rates and nutrient inputs (Kirk 
2010). Benthic autotrophs may be more productive in winter than summer because they 
are able to utilize sediment nutrients and take advantage of the clearer waters during this 
time of the year, although community composition may shift in favor of species that are 
more tolerant of cooler temperatures. 
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Surface salinity in the Sound is lower and more variable near the mainland and 
increases towards the barrier islands, and also displays a longitudinal decrease from east 
to west (Eleuterius 1976b ). Salinity fluctuates with seasonal rainfall patterns, which alter 
the amount of riverine freshwater flowing into the Sound. The opening of the Bonnet-
Carre spillway, to redirect floodwaters from the Mississippi River into Lake 
Pontchartrain and eventually the Gulf of Mexico, can result in extremely low salinities 
during spring when flooding of the Mississippi River is common. Spatial differences in 
salinity are due to the quantity of freshwater input and the extent of tidal exchange to 
different areas of the Sound. As with temperature, algal species have salinity optima for 
photosynthesis and respiration, and deviations from their optimal range toward hyper- or 
hyposaline conditions will result in stress and eventually death of the alga. Increased 
salinity in the environment is not as harmful as lowered salinities because the osmotic 
potential of marine algae is :more negative than that of normal seawater (Lobban and 
Harrison 1994). Salinities must be greatly increased before seawater becomes hypertonic, 
but because normal seawater is already hypotonic in relation to the cell, any reduction in 
salinity will require the cell to alter its internal water potential to avoid being ruptured. 
In summary, there are at least four abiotic factors that may limit primary 
productivity in the Sound. These include light quantity and quality, nutrient availability 
(N and P); temperature, and salinity. Seasonal and spatial variability in these factors 
influence the productivity and growth of autotrophs and can be used as indictors of 
. ......__ 
community structure, abundance, and biomass at different times of the year and at 
different locations. 
Algal Primary Producer Groups 
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Three groups of algae can be found occupying different niches within the Sound: 
(1) phytoplankton, (2) microphytobenthos (MPB), and (3) phycoperiphyton (i.e., reef 
algae). Phytoplankton and microphytobenthos contribute significantly to estuarine 
primary production, particularly in estuaries lacking suitable substrates and water quality 
for macroalgae and seagrasses. Phycoperiphyton contribute to estuarine production in 
systems with hard substrates where they can attach and grow, such as on natural or 
artificial reefs. In the Sound, phycoperiphytori growing on artificial reefs in combination 
with phytoplankton and MPB in the water and sediments surrounding the reefs are all 
important sources of primary production to the reef food web. 
1. Phytoplankton 
The open water of the Mississippi Sound, between the barrier islands and the 
mainland coast, is characterized by flat, muddy sediments devoid of structure. Seagrasses 
and macroalgae are virtually absent due to light limitation and the paucity of suitable 
substrate for anchoring. The main primary producer group in this area of the Sound is the 
phytoplankton. Phytoplankters are free-floating algae belonging to several taxonomic 
groups including diatoms, dinoflagellates, coccolithophores, chlorophytes, and 
cyanobacteria (Litchman 2007). In the Sound, the phytoplankton is dominated by 
diatoms. Moncreiff et al. (1992) found that diatoms dominated the phytoplankton around 
northern Hom Island in 9 out of 11 monthly samples, with the other two months being 
dominated by dinoflagellates. The most abundant diatom genera found were 
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Chaetoceros, Rhizosolenia, Thalassiosira. The dinoflagellate-dominated samples were 
primary composed of Prorocentrum and Ceratium spp. Similar results were obtained in 
samples collected twice monthly at the GCRL pier from 2009-2011 as part of the NOAA 
Phytoplankton Monitoring Network (Biber, unpublished data). 
Mean annual productivity estimates ranging from 7 to 875 g C m·2 year""1 have 
been reported for phytoplankton (Underwood and Krornkamp 1999; Kromkamp and 
Forster 2006). Phytoplankton productivity in the Sound can be expected to be somewhere 
on the lower end of the estuarine productivity estimates reported due to the high light 
attenuation coefficients (averaging 0.96 in the winter and 2.2 in spring during this study) 
observed in these waters. Sullivan et al. (1991) reported an annual production rate of 468 
g C m ·2 for the phytoplankton popuiation north of Hom Island, one of the barrier islands 
of the Sound. Turbidity in the Sound decreases towards the barrier islands suggesting that 
phytoplankton production may be even lower closer to the mainland coast. 
Spatial and temporal variability in phytoplankton primary productivity and 
biomass is largely driven by light availability (Cole and Cloem 1987; Kelble et al. 2005). 
Spatial patterns of phytoplankton production reflect the distribution of suspended 
particulates in the water, which influence light penetration (MacIntyre and Cullen 1996). 
In estuaries, the concentration of suspended particulate matter generally decreases with 
distance from shore and phytoplankton abundance should, therefore, increase with 
distance from the shore up to a point, this is known as the estuarine chlorophyll 
maximum. Spatial variability in phytoplankton abundance is affected by the ratio of 
photic depth to mixed depth, which varies with bathymetry and affects the amount of 
irradiance available to the phytoplankton (Kelble et al. 2005; Khanna et al. 2009) 
Seasonal variation in phytoplankton productivity and growth are related to changes in 
light attenuation caused by differences in light intensity and water clarity, as well as to 
changes in nutrient availability, temperature, and salinity during different times of the 
year. 
2. Microphytobenthos 
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Benthic primary production in the shallow, nearshore areas of the Sound is 
dominated by microphytobenthos (MPB) in the sediments. Although this group was not 
included in this study, brief description is given here as they may contribute significantly 
to primary production on low relief reefs located in shallow waters close to shore and 
should be investigated in future studies. Microphytobenthos are a group of microalgae 
that live on and in the sediments of the intertidal and shallow subtidal, and are composed 
primarily of pennate diatoms, green algae, and cyanobacteria (Daehnick et al. 1992; 
Underwood and Kromkamp 1999). Mean annual productivity estimates, ranging from 27 
to 234 g C m-2 yea{1 for microphytobenthos, have been reported from various estuaries 
(Underwood and Kromkamp 1999; Kromkamp and Forster 2006). In the seagrass beds 
north of Hom Island in the Sound, Sullivan et al. (1991) reported an annual sediment 
microflora production rate of 337 g C m-2 and Moncreiff et al. (1992) estimated an annual 
production rate of 339 g C m-2• 
Microphytobenthos primarily utilize sediment nutrients for photosynthesis and 
growth given that their utilization of water column nutrients may be limited by the 
availability of pelagic nutrients to the benthos (Hillebrand and Kahlert 2002). Unlike 
sand, fine compact sediments ( e.g., clay and mud) such as those found in the Sound have 
high porewater nutrient concentrations due to the high content of organic matter, which is 
'---
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rapidly remineralized by bacteria (Underwood and Kromkamp 1999; MacIntyre et al. 
1996). Thus, it is likely that benthic microalgae are not nutrient limited but may be light 
limited, especially in subtidal sediments or at deeper depths within the sediments 
(MacIntyre et al. 1996). However, many benthic microalgal species have the ability to 
move vertically in the sediment to adjust to changing light levels and keep pace with the 
addition of new sediments (Underwood and Kromkamp 1999). 
Spatial patterns in MPB production are often a function of sediment 
characteristics and the interaction of the sediments with the overlying water column 
(Underwood and Kromkamp 1999). Small and large scale variations in sediment 
topography cause the MPB to have a patchy horizontal distribution making areally 
averaged primary production estimates difficult (Pinckney and Zingmark 1993; Seuront 
and Leterme 2006). As with phytoplankton, seasonal variation in MPB productivity and 
growth are related to changes in light intensity and water clarity, as well as to changes in 
temperature and salinity during.different times of the year. 
3. Reef Periphyton and Phycoperiphyton 
In addition to phytoplankton and microphytobenthos, primary production by 
phycoperiphyton growing on hard substrates, like artificial reef structures, provides an 
additional food resource for consumers in the Sound. The newly available space offered 
by artificial reefs provides attachment surfaces for biofoulers, such as algae and 
invertebrates, in an area mostly devoid of hard substrata (Atilla et al. 2002). The reefs are 
rapidly (within weeks) colonized by benthic flora and fauna, concentrating food sources 
for fish species and increasing the structural complexity of the reefs (Bailey-Brock 1989; 
Palmer-Zwahlen and Aseltine 1994; Krohling et al. 2006). Cummings (1994) 
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documented the colonization of a nearshore artificial reef in Florida by a film of diatoms 
and bacteria within 24 hours after deployment, and the presence of a filamentous brown 
algae after 3 days followed by several species of macroalgae. Early colonizers, such as 
bacteria, algae, fungi, and sessile invertebrates, establish the foundation for the 
develop)Jlent of the reef food web. The term marine periphyton is used to describe the 
complex of biofouling organisms and detritus that settle on submerged substrates (Collins 
and Weber 1978; Nayar et al. 2005; Richard et al. 2009), while the term phycoperiphyton 
refers to the algal component of the periphyton assemblage. 
The development of periphyton on new surfaces submerged in marine water is 
initiated by the attraction of bacteria to the coating of dissolved organic substances that is 
deposited on the substrate (Marszalek et al.1979; Callow and Callow 2002). This coating 
is called a conditioning film and the formation of the coating is termed "molecular 
fouling" (Marszalek et al.1979 p.987). The conditioning film is composed primarily of 
amino acids and polysaccharides, but may also contain glycoproteins, humic material, 
proteins, and lipids (Siboni et al. 2007; Garg et al. 2009). Bacteria are attracted to the 
conditioning film by hydrophobic interactions but can also actively colonize surfaces by 
attaching themselves via mucilaginous strands (Burkholder 1996; van Dam et al. 2002). 
Bacterial colonization is followed by adhesion of low profile diatoms, cyanobacteria, and 
fungi by means of secretions, which bind them to the conditioning film and bacterial 
mucilage, forming what is called a biofilm (Marszalek et al.1979; Callow and Callow 
2002). It is thought that the bacterial exudates attract or promote secondary colonization 
by algae. Hoagland et al. (1982) consistently observed the presence of bacteria prior to 
algal settlement, although they point out that other studies have not found bacterial 
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colonization to be a requirement for diatom attachment. Biofilm formation is followed by 
the appearance of stalked diatoms, diatom rosettes, and diatoms with mucilage pads 
(Hoagland et al. 1982; van Dam et al. 2002), and subsequent colonization by 
macrofouling organisms such as filamentous chlorophytes, barnacles, bryozoans, and 
hydrozoans all within a few weeks of deployment (Callow and Callow 2002; Siboni et al. 
2007). As the periphyton community develops, detritus and sediments are incorporated 
into the matrix adding to the complexity of the mat. 
As the periphyton mat develops over time and biomass increases, competition for 
space and other limiting resources such as light, nutrients, and CO2, drives successional 
patterns in community composition and directs the layered, vertical growth of the mat 
(van Dam et al. 2002). The microorganisms making up the biofilm are overgrown by 
larger upright algae and sessile invertebrates, such as barnacles. Upright algal forms 
outcompete low profile diatoms for light and nutrients, although some smaller diatoms 
and cyanobacterial cells can move around the matrix to more favorable 
microenvironments within the mat (Stevenson 1996; van Dam et al. 2002). In addition to 
competitive interactions within the periphy1on assemblage, the various components of the 
periphyton are also linked trophically (Fitter and Hillebrand 2009). Autotrophic and 
heterotrophic processes occur simultaneously within the periphyton matrix and to some 
extent are coupled (Scott et al. 2008). Primary production by periphytic algae offers an 
energy source for heterotrophic organisms in the form of organic carbon, while bacterial 
nutrient regeneration through the decomposition of organic matter provides the algae 
with inorganic nutrients they require for photosynthesis (Hillebrand and Kahlert 2002, 
van Dam et al. 2002, Scott et al. 2008). However, periphytic bacteria and algae may also 
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compete for limiting nutrients and require an external source, which they receive from 
either the surrounding water or the underlying substrate (Carr et al. 2005, Larnd 2010). 
Periphytic algae are also important to the functioning of the assemblage by helping keep 
the periphyton mat oxygenated, through photosynthetic oxygen production, for 
microorganisms with aerobic metabolisms (Neely and Wetzel 1995). This can be 
especially important in low flow environments where minimal to no flushing of the mat 
may result in anoxia. Despite these generalizations, the internal functioning of a 
periphyton mat is complex and not fully understood due to the heterogeneity of the 
community. The diversity of these micro-ecosystems complicates the relationships 
between periphytic organisms and the ways in which those relationships affect the 
interactions between the assemblage as a unit and the external environment. 
Periphyton contributes significantly to aquatic primary production providing an 
important food source for higher trophic level organisms. Periphyton primary production 
has been studied extensively in freshwater systems and to a lesser extent in coastal 
waters. Periphyton productivity is usually measured by gas exchange methods such as the 
oxygen light and dark bottle technique or the 14C technique. The first technique measures 
net photosynthesis and community respiration as changes in oxygen concentration in a 
closed system under light and dark conditions respectively. The 14C technique measures 
the uptake of radio labeled bicarbonate to dete1mine either net or gross photosynthesis 
depending on the length of the incubation, and can be done in a partially open system. 
Chlorophyll-a concentrations are commonly used as a proxy of phycoperiphyton 
biomass, as this cannot be measured directly due to the inability to fully separate the 
autotrophic and heterotrophic components of the periphyton. The ratio of chlorophyll-a to 
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the ash-free dry weight of the periphyton sample is called the autotrophic index and is 
used to relate the biomass of the autotrophic and heterotrophic components (Biggs and 
Close 1989). Algal groups within the periphyton can be further identified taxonomically 
by identifying the presence of diagnostic accessory pigments with high performance 
liquid chromatography (HPLC) (Mackey et al. 1996; Jeffrey et al. 1997). These 
techniques are also applicable to phytoplankton samples and MPB although they may be 
modified depending on the algal group being studies. 
Purpose 
The objective of this study was to estimate phycoperiphyton net production on 
four artificial reefs in Mississippi Sound, using settlement plate arrays as proxies for the 
reef community, in order to provide some insight into the value of these structures in 
increasing benthic primary production in this highly turbid, soft-bottomed lagoon. The 
specific goals of this project were to: (1) Determine seasonal, spatial, and vertical 
dynamics of community respiration, net productivity, chlorophyll-a, and organic biomass 
on the settlement plates over a one year study period. (2) Examine the seasonal and 
spatial patterns in water column respiration, net productivity, chlorophyll-a, and POM 
overlying the reefs. (3) Scale up the settlement plate and water column net productivity 
measurements to annual net habitat production on each reef by physically mapping the 
four study reefs and calculating their colonizable surface areas using ArcGIS. (4) 
Standardize the annual net benthic and water column productivity estimates for each reef, 
by area and volume respectively, in order to compare reefs and help resolve any 
differences due to reef elevation or location. 
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The first hypothesis of this study was that the location of reefs within the 
Mississippi Sound would influence net productivity and chl-a concentrations. Specifically 
that (1) reefs located further from shore would have greater rates of net productivity and 
higher chl-a than reefs located closer to shore due to the general decline in turbidity with 
distance from shore and (2) that central reefs would be more productive than western 
reefs based on Eleuterius' s (1976b) finding that nutrient levels in the Mississippi Sound 
generally decline from east to west. The second hypothesis was that net productivity and 
chl-a would exhibit typical seasonal patterns for benthic algae where growth is greatest in 
the spring and lowest in the winter due seasonal changes in irradiance and temperature. 
The third hypothesis was that net productivity and chl-a would decrease with depth due to 
light attenuation and, therefore, high relief reefs would be more productive per unit area 
than low reliefreefs given their proximity to the surface· of the water where more light is 
available for photosynthesis. 
CHAPTER II 
METHODS 
Overview 
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Two pairs of high relief and low relief reefs were chosen for this study: Katrina 
reef (high) and Legacy reef (low) in the central Sound, and Square Handkerchief reef 
(high) and USM reef (low) in the western Sound (Figure 1). Due to the difficulty of 
sampling the reefs directly, settlement of biofouling organisms on artificial plate 
installations was used as a proxy for the reef community. These installations consisted of 
an array of plexiglass settiement plates fixed at different depths in the water column. Ten 
arrays were deployed at each reef during each sampling season ( quarterly from July 2011 
to June 2012) and allowed to soak for 4 weeks before being collected. Respiration (R) 
and net productivity (P0 ) were measured on all IO arrays, chlorophyll-a (chl-a) 
measurements were performed on half of the arrays, and biomass (B) was measured on 
the other half. The results were compared seasonally among depth zones and across reefs 
by a three-way ANOV A. Patterns in the dependent variables due to reef location within 
the Sound or distance from shore were also examined. In a second experiment, R, P0 , chl-
a, and particulate organic matter (POM) concentrations were measured for water samples 
collected during the array soaking period to assess the contribution of phytoplankton to 
local primary production. 
Annual net benthic production for each reef was estimated by scaling up average 
settlement plate net productivity measurements for each season to the geospatially 
mapped surface area of the reefs and adding the four seasonal estimates together to obtain 
an annual estimate of net production. An annual estimate of water column net production 
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was obtained by scaling up the average seasonal productivity measured for the water 
samples to the volume of water overlying the reefs. These benthic and water column 
annual production estimates were then added together to obtain an estimate of total 
habitat annual net production for each reef, which incorporated both sources of primary 
productivity. In addition, annual production estimates were standardized to area (m2) or 
volume (m3) in order to compare between reef and water column production values and 
determine if differences exist between reef types. 
Study Sites 
According to Eleuterius (1976a), Mississippi Sound can be divided into three 
zones, eastern, central, and western, based on hydrological differences (Figure 2). The 
Biloxi River empties directly into the central portion of the Sound but the Pascagoula 
River to the west might also be a significant source of freshwater into this area. The 
western portion of the Sound receives freshwater from the Pearl, Jourdan, and Wolf 
Rivers. Katrina and Legacy reefs are located in the central Sound, which extends from the 
mouth of the Pascagoula River to Cat Island (Figure 2) and is characterized by minimum 
freshwater input and extensive tidal flushing due to the barrier island tidal passes. Square 
Handkerchief and USM reefs are located in the western Sound, which runs from Cat 
Island to Lake Borgne and is characterized by a greater input of freshwater and less tidal 
flushing as a result of the extensive coastal marshes enclosing Lake Borgne (Wieland 
1994). 
Katrina and Square Handkerchief are the only two reefs in the Sound that extend 
above the surface of the water (i.e., they are emergent reefs). Katrina was built in 2006 
and was last replenished in 2012. Square Handkerchief is older, having been constructed 
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in 2003, and was last replenished in 2009. Both high relief reefs were created from 
limestone and crushed concrete and are roughly shaped like triangular prisms. Katrina 
reef is a straight line about 2.3 km long with no breaks. It is located about 1.5 km south of 
Deer Island and approximately 3.8 km from the mainland. Square Handkerchief, lying 
approximately 3.5 km due south from the mouth of Bay St Louis, is about 1.2 km long 
and horseshoe shaped with several breaks in between sections. In contrast, Legacy and 
USM reefs, like the majority of inshore reefs in the Sound, are almost flush with the 
seafloor and have negligible elevation. Legacy was built from limestone in 2007 and has 
not been replenished since. USM was built in 1996 using oyster shell and was 
replenished in 2009. Legacy and USM are both about 0.4 kilometers from shore and 
measure approximately one acre ( 4000 m2) in area. 
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Figure 1. Study area map showing the location of the four study reefs within the 
Mississippi Sound classified by reef elevation type. The location of all inshore reefs, 
classified by building material, and the bathymetry of the Sound are also shown. 
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Figure 2. Google Earth image of the Mississippi Sound showing the three zones, eastern, 
central, and western, defined by Eleuterius (1976a) based on hydrology, and the location 
of the four study reefs relative to each zone. 
Field Methods 
Summary of Sampling Events 
Sampling was conducted quarterly from August 2011 to May 2012 for a total of 
four sampling seasons: summer (July 28 - Aug. 19, 2011), fall (Oct. 14 - Nov. 11 , 2011), 
winter (Jan. 27 - Mar. 9, 2012), and spring (Apr. 12 - May 14, 2012). The artificial 
installations were deployed at the beginning of each sampling season and retrieved after 
approximately four weeks, depending on weather conditions. Water samples were 
collected at each reef approximately two weeks after the arrays were deployed, except in 
the summer when water samples were collected after the array soaking period. Irradiance, 
salinity, and temperature were measured at each reef during array deployments, water 
sample collections, and array retrievals for each sampling season. 
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Environmental Data 
Irradiance or secchi depth profiles were taken at each reef, concurrent with array 
deployment and collection, by measuring PAR in the water column at 20 cm depth 
intervals using a Li-Cor spherical quantum sensor (LI-193). The irradiance data obtained 
were used to calculate the light attenuation coefficient (Kct) from the slope of the log1o 
transformed irradiance values. Mean light attenuation coefficients were calculated for 
each season from irradiance data, with the exception of the spring sample when the LI-
193 was sent in for repair. The mean spring light attenuation coefficient was instead 
calculated from secchi depth measurements using the equation Kct = 1.44/Zso, where Kct 
is the light attenuation coefficient and Zso is the secchi depth (Kirk 2010). 
Temperature and salinity measurements were obtained for the western and central 
portions of the Sound. During the summer sampJe, salinity and temperature data were 
measured by profiling with an YSI at each reef during array deployment, retrieval, and 
water collection field days. In the fall, continuous measurements of salinity and 
temperature were obtained from Hydrolab DS3/Recorder data loggers deployed at each 
reef on the same day the arrays were deployed. Hydrolabs were placed on all four reefs in 
the winter as well, but the two deployed at Katrina and Square Handkerchief were lost. 
Only the two remaining hydrolabs were deployed during the spring; one was placed at 
Katrina in the central Sound and the other at USM in the western Sound. Salinity and 
temperature data for seasons when Hydrolab data were not available or incomplete were 
supplemented with USGS water quality data from two sites: Me1Till Shell Bank Light for 
the western sound (USGS 301429089145600) and Gulfport Light (USGS 
301912088583300) for the central Sound (http://waterdata.usgs.gov/nwis). 
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Artificial Installations - Settlement Plate Arrays 
Settlement plate arrays served as standardized artificial substrate for the 
biofouling community and were used to experimentally assess the reef R, Pn, chl-a, and 
Borg (Figure 3). The arrays consisted of a Y4 inch thick braided nylon rope attached to a 
buoy (0.60 kg buoyancy) on one end and an approximately 3.6 kg (8 lb.) weight on the 
other. The weights were made by pouring concrete mix (Quikcrete) into 6 inch round 
plastic pots and placing a stainless steel eye bolt in the center to which the rope was then 
tied. Pexiglass tiles, 104 cm2 (16 in2) and 0.635 cm (Y4 in) thick, were attached to the rope 
at different levels depending on the reef type (Figure 3). The rope was threaded through a 
hole drilled in the center of the tile and kept in place using small plastic zip ties threaded 
through the rope on both sides of the tile. In each array, the surface plate (S) was fixed at 
0.31 m (1 ft) below the surface, the mid plate (M) at 0.61 m (2 ft) below surface, and the 
bottom plate (B) at 0.91 m (3 ft) below the surface. The arrays were made longer for the 
high relief reefs (HRRs) than for the low relief reefs (LRRs) because the mean sea level 
at the two HRRs is about 2.44 m (8 ft), but only around 1.22 m ( 4 ft) at the LRRs. A 
fourth plate, bottom-bottom (BB), was placed at 2.13 m (7 ft) below the surface of the 
HRR settlement plates to represent the community near the sediment at the bottom of the 
reefs. For both the HRR and LRR reefs the bottom most plate (BB-HRR and B-LRR) are 
potentially influenced by benthic organisms and processes occurring in the sediments. 
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HRR array 
LRR array 
Figure 3. High relief (HRR) and low relief (LRR) reef settlement plate array design. A 
buoy is tied to the top of the rope and a weight to the bottom. Settlement plates are fixed 
at different depths along the rope by threading the rope through a hole in the center of the 
plate and using zip ties to hold them in place. The HRR arrays have four plates at 1, 2, 3, 
and 7 ft below the water surface. The LRR arrays have only three plates at 1, 2, and 3 ft 
below the surface. 
It should be noted that settlement plate arrays were not fixed and, therefore, were 
subject to the effects of changing water level caused by the tides. When the water level 
drops below the maximum height of the arrays, the rope will no longer be vertical ( at a 90 
degree angle from the surface of the weight). If there is sufficient water movement, the 
buoy should float away until the rope is taut and no longer at a 90 degree angle from the 
weight. If there is minimal or no water movement, the slack will cause the rope to curve 
at the bottom. If you assume the fonner scenario, the distance of the plates from the 
surface of the water at different sea levels can be calculated from geometry. It was 
determined that for every 0.31 m (1 ft) decrease in water level, the settlement plates 
would be about 2.54 cm (l in) closer to the surface of the water. 
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The plexiglass settlement plate arrays were deployed seasonally from Aug 2011 
to May 2012 at Katrina (Kat), Square Handkerchief (Hand), Legacy (Leg), and USM 
reefs. Ten arrays were randomly placed at each reef, for a total of 40 arrays per season, 
and allowed to soak for approximately four weeks before being retrieved. At HRRs, the 
10 arrays were evenly deployed on both the protected and exposed sides of the reef to 
ensure a better representation of the entire reef. The soaking times had been determined 
previously by documenting changes in percent cover over time on settlement plates 
deployed off the GCRL pier during the summer of 2011. The plates from the pier were 
photographed every week for four weeks. Percent cover was at 100% on all depth zones 
after only one week, and after four weeks plates were found to yield sufficient biomass 
for analysis at all depths. However, the arrays subsequently deployed at the reefs for four 
weeks contained excessive animal biomass, mostly barnacles and bryozoans, which 
negatively affected photosynthesis measurements as well as the filtering process for 
biomass and chlorophyll. 
At the end of the four week deployment period, the arrays were retrieved and 
carefully lifted into the boat for processing. The periphyton mat attached to the top 
surface of each plate was then scraped with a new razor blade into a 300 ml biological 
oxygen demand (BOD) bottle prefilled half way with artificial seawater; the periphyton 
from the bottom surface of the plates was not used in this study. A squeeze bottle 
containing artificial seawater was used to keep the plate moist and help guide the scraped 
material into the bottle. The artificial seawater was prepared using Crystal Sea Marine 
Mix (Bioassay Laboratory Formula) dissolved into deionized (D.I.) water. The salinity of 
the artificial seawater was determined based on the measured salinity at each reef during 
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the deployment period. The BOD bottles with the periphyton samples were transported in 
a cooler on ice to the lab for further processing. 
Phytoplankton Sampling 
Surface water samples were collected at ten random sites at each reef during each 
sampling season to measure water column R, Pn, chl-a, and particulate organic matter 
(POM). Bottom samples were collected also during the fall and winter for comparison 
with surface samples. Pre-labeled BOD bottles (300 ml) were used to collect the surface 
water samples by dipping the bottle into the seawater just below the surface. A Niskin 
bottle was used to collect water samples near the bottom (about 15 cm above the 
sediment), which were then transferred into labeled 300 ml BOD bottles at each site. All 
BOD bottles were rinsed three times with ambient seawater before sample collection. The 
bottles were transported back to the lab in a cooler on ice for further processing. 
Laboratory Analysis 
Light and Dark Bottle Method 
Primary productivity of settlement plate periphyton and water column 
phytoplankton samples was measured using the light and dark bottle method described in 
Kendrick and Lavery (2001) and De Wreede ( 1990). In this method, the photosynthetic 
rate is determined from the rate of oxygen exchange between an algal or plant sample and 
the surrounding water. The sample is placed in a gas tight chamber and the change in 
dissolved oxygen (D.O.) concentration is measured under dark and light conditions. 
Oxygen is liberated during photosynthesis, which only takes place when light is 
available; therefore, the oxygen concentration should increase during the light period. In 
a sample consisting of purely autotrophic material, the change in D.O. in the light is a 
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measure of gross photosynthesis minus plant respiration, or net photosynthesis (Beer et 
al. 2001). Net photosynthesis is a measure of the amount of primary production available 
to heterotrophs after the algae have satisfied their own respiratory requirements. Gross 
photosynthesis is a measure of total photosynthesis including the costs of plant 
respiration and is calculated by correcting net photosynthesis for respiration (GPP = NPP 
+ I Ra1gae I) (Kendrick and Lavery 2001). This is done by adding the change in D.O. in 
the dark bottle, respiration, to the net photosynthesis value obtained in the light bottle 
under the assumption that the rate of respiration in the dark equals that occurring in the 
light (Beer et al. 2001). Gross and net photosynthesis are expressed as mg 02 hr-1• 
Because the photosynthetic quotient, or moles of oxygen produced per mole of carbon 
dioxide assimilated, is 1: 1, primary productivity can also be expressed as mg C hr-1 
(Kendrick and Lavery 2001, Falkowski and Raven 2007). 
Immediately after arriving at the lab, the BOD bottles were filled completely with 
artificial seawater and placed in a water bath to maintain a constant temperature of 25°C. 
A Tidbit data logger (Onset Corp.) was used to record the temperature of the water bath 
during the incubation. The samples were incubated in the dark for a period not exceeding 
6 hours, followed by a period of light not exceeding 6 hours, but typically half as long as 
the respiration time. The stopping point was determined by obtaining a measurable 
change in D.O. (usually at least 1 mg 0 2 L-1), which could take very little time if a large 
amount of biomass was present. 
To determine the average summer maximum irradiance to which the settlement 
plates at the different depth zones would be exposed in the field, depth profiles of light 
were created using measurements taken off the GCRL pier in June 2011. The depth 
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profiles were used to select the irradiance level at which to incubate the settlement plate 
periphyton (Figure 4). Based on the data obtained, BOD bottles containing material from 
the surface, mid, and bottom plates were incubated under a Sun System 48" long 6 lamp 
Tek Light TS (Power Chrome, 6000K midday spectrum bulbs). The light incubations for 
surface (S = 30 cm) and mid-depth (M = 60 cm) plates were carried out under an 
irradiance of approximately 600 µmols m-2 s-1• The bottom (B = 90 cm) plate BOD 
bottles were covered with 55% shade cloth to achieve a lower irradiance level (300 
µmols m-2 s-1) . The material from the 7 foot depth zone plates (BB= 240 cm) of the HRR 
arrays was incubated under approximately 65 µmols m-2 s-1 oflight using a fluorescent 
light fixture with four Philips ALTO T12 34 Watt fluorescent tubes. 
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Figure 4. Light profiles of the water column taken off the GCRL pier during summer 
(June 2011). The data represent the average oflight profiles taken at four different times 
(1000, 1200, 1400, and 1600) on three consecutive days. The average irradiance at 
different depths in the water column was used to select incubation irradiances for 
settlement plates depending on their depth zone (S, M, B, or BB). 
A Hach HQ40d meter with an IntelliCAL LBOD101 Luminescent Dissolved 
Oxygen (LDO) probe was used to measure changes in D.O. concentration in the BOD 
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bottles during the incubation period (Figure 5). A two-point calibration (100% and 0%) 
was performed before each series of incubations to ensure the best measurement accuracy 
of the probe. The probe was calibrated to 100% using water-saturated air (BOD bottle% 
of the way full with deionized water), and to 0% by dissolving 300 mg of sodium sulfite 
(Na2S03) and 2 ml of cobalt chloride (CoCli) solution in 300 ml of DJ. water to lower 
the dissolved oxygen concentration to O mg L-1• 
Figure 5. Light and dark bottle method for measuring changes in dissolved oxygen 
(D.O.) concentrations. The Hach LDO probe is shown measuring D.O. in a shaded BOD 
bottle during a light incubation. 
The BOD bottles were incubated in the dark first except when initial D.O. 
measurements were very low, in which case the samples were incubated in the light first 
to avoid anoxia. They were filled to the top with artificial seawater and the initial D.O. 
concentration was measured. The bottles were then topped off to replace any headspace 
created through displacement by the probe and capped. The bottles were left sitting in the 
dark for up to six hours, at the end of which a final dark measurement was taken. The 
final dark value was taken as the initial light value and the bottles were topped off and 
capped again. They were left in the light for up to 6 hours, after which a final light 
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measurement was taken. The rate of respiration (R) was calculated as the change in D.O. 
concentration during the dark period ( darko - darkr) multiplied by the number of hours in 
the dark. The net productivity rate (Pn) was calculated as the change in D.O. during the 
light period (lightr- lighto (= darkr)) multiplied by the number of hours in the light.Rand 
Pn were standardized to 1 m2 by multiplying the area of the settlement plates (104 cm2) 
by the mg 0 2 hr-1 consumed or produced. 
Organic Biomass and Chlorophyll a Concentrations 
Five of the 10 settlement plate arrays from each reef were used for biomass 
determinations and the other five for chlorophyll-a analysis. For different season, samples 
were divided evenly as blocks of BOD bottles 1-5 and 6-10, or even numbered vs. odd 
numbered bottles. Organic biomass was determined from the ash-free dry weight of the 
material in the BOD bottles. Pre-ashed (500°C for 4 hours) 110 mm Whatman glass 
microfiber filters grade G6 (particle retention size 1.5 µm) were weighed and placed into 
numbered aluminum tins while the bottles were being incubated. The tins were covered 
with aluminum foil to avoid contamination. Once the light and dark bottle method was 
complete, samples were filtered by vacuum filtration at -0.7 bar (-20 inches Hg) using a 
110 mm polypropylene Buchner funnel fitted onto a 1000 ml side arm filtering flask with 
a filter adapter (size 4). To ensure that none of the sample was lost, a rubber washer was 
custom made to fit the Buchner funnel and seal the edge of the fi lter paper. In addition, a 
piece of 4" PVC pipe attached to a coupling was used to hold the rubber washer tightly in 
place. 
The filters with the sample were placed back into their numbered aluminum tins, 
and the tin number and corresponding BOD identification number were recorded. The 
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filters were then dried at 60-70°C for at least 24 hours (Kendrick and Lavery 2001) in a 
Despatch brand drying oven. The following day, the dry weights were recorded (the filter 
weight must be subtracted from this value to obtain the weight of the dried biomass) and 
the filters were then placed in the muffle furnace (Thermolyne, Type f 62700) and 
combusted at 500°C for 4 hours to remove all organic material (Kendrick and Lavery 
2001 ). The filters were allowed to cool overnight, and the ashed weight was recorded the 
next day. The ash free dry weight (AFDW), a measure of the organic biomass present on 
the filters, was calculated using the following equation (Kendrick and Lavery 2001 ): 
AFDW = Dry Weight - Ashed Weight 
where: Dry Weight = the organic + inorganic biomass (mg) and the Ashed Weight = the 
inorganic biomass (mg). The percent organic fraction was also determined by dividing 
the weight of organic biomass (i.e., AFDW) over the total dry biomass weight. 
The BOD bottles corresponding to the other half of the arrays from each reef were 
analyzed for chl-a content. Chlorophyll-a concentrations were determined using the 
methods described in Clesceri et al. (1998) for phytoplankton and periphyton, and were 
used as a proxy for algal biomass because the previous organic biomass calculations 
included both the autotrophs and heterotrophs that make up the periphyton assemblage. 
The contents of the BOD bottles were filtered onto 110 mm Whatman glass microfiber 
filters grade G6 (particle retention size 1.5 µm) in the dark using the same filtration set up 
described for biomass analysis with the exception that the vacuum pressure was set at 
-0.2 bar (-5 inches Hg) to avoid potential cell rupture and loss of chl-a. Each filter was 
folded in half with the sample on the inside and placed in a 100 mm plastic petri dish. 
The petri dish was labeled appropriately and wrapped in aluminum foil, which was also 
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labeled, to protect the sample from light. The wrapped samples were placed in a labeled 
Ziploc bag and stored in the freezer for later spectrophotometric analysis. The samples 
were not stored in the freezer for more than 3 weeks to avoid degradation of chl-a. 
The day prior to chl-a analysis, the filters were removed from the freezer and 
allowed to thaw in preparation for chl-a extraction. Once thawed, each 110 mm filter was 
placed in a pre-labeled 50 ml plastic tube to which 40 ml of 90% acetone in D.I. water 
(v:v) was added. The plastic tubes were covered with aluminum foil and left to steep in a 
refrigerator ( 4 °C) for a minimum of 12 hours, but not exceeding 24 hours. When the 
samples were done steeping, the spectrophotometer was switched on and allowed to 
warm up for 30 minutes. The sample tubes were removed from the refrigerator and 
allowed to warm to room temperature. The tubes were gently shaken and the filters were 
removed leaving only the acetone extract. The tubes were then centrifuged for 10 minutes 
at 1000 rpm. The samples were analyzed on an Ocean Optics USB2000 
spectrophotometer with an LS-1 Tungsten-Halogen lamp and using 00IBase32 software 
(Figure 6). A baseline correction (zero out) was run before the samples were read using a 
blank of 90% acetone. A clean disposable transfer pipette was used to transfer each 
sample from the middle of the sample tube to the cuvette. The spectral absorbance data 
for each sample was saved as an *.abs file. The absorbance values at 630,647,664, and 
750 nm were extracted from the spectral data files using a custom MS Excel TM macro. 
These absorbance values were used to calculate the chl-a concentration in the acetone 
extract using the following equation (Clesceri et al. 1998): 
Ca == (l 1.85*E664) - (1.54*E647) - (0.08*E63o) 
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where: Ca = the chl-a concentration in the extract and E = the corrected absorbency with a 
1 cm path length (absorbency at wavelength A- absorbency at 750 run) . 
The chi-a concentration per unit surface area was calculated using the following 
equation (Clesceri et al. 1998): 
Chl a= [(Ca* extract volume) I (sample area)] * (2/\DilutionFactor) 
where: Chi a = the chl-a concentration per unit surface area (µg cm-2), Ca = the 
concentration of pigment in the extract calculated above, extract volume = the volume of 
extract used (ml), sample area = the surface area of settlement plate or reef rubble ( cm\ 
and DF = the dilution factor. 
Figure 6. Ocean Optics Spectrophotometer used for measuring chi-a absorbance. 
Phytoplankton Samples 
The light and dark bottle method was also used to measure R and P n for water 
samples. Chlorophyll-a and POM (organic biomass) were measured as described above 
for the settlement plates samples with the exception of the materials used. Instead of the 
110 mm G6 filters used for the settlement plates, 4 7 mm Whatman glass microfiber 
filters grade GF/F (particle retention size 0.7 µm) were used for POM and chi-a samples. 
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Because the filters are smaller, 15 ml plastic tubes were used for chi-a analysis rather 
than the 50 ml tubes. Filtering was done using a 3-place PVC vacuum manifold in place 
of the Buchner funnel and sidearm flask setup used for plates and riprap. As in the 
filtration of settlement plate material, the vacuum pressure was set to -0.7 bar for POM 
filtration and -0.2 bar for chl-a. 
Statistical Analysis 
Data were tested for assumptions of normality and homoscedasticity, prior to 
running ANOV As. Three-way ANOV As were run on settlement plate respiration (R), net 
production (Pn), chlorophyll-a (chi-a), and organic biomass (Borg) to look at the effects of 
season, reef, and depth on each of the four response variables. One set of ANOVAs was 
performed using data from all reefs but excluding the winter sample because no data were 
available for the HRRs during this season (Figure 7). Another set of ANOV As was 
conducted on the LR.Rs only and included the winter sample to obtain a more complete 
description of seasonal production dynamics. Both sets of three-way ANOVAs were 
followed up by one-way analysis of the significant main effects to better detect emergent 
properties in the data. Post-hoc comparisons of the significant main effects using Tukey's 
HSD test were run to examine significant differences among treatment levels. Post-hoc 
tests on the reef treatment were used to look for reef groupings by reef type (HRR vs. 
LRR) and reef location (western vs. central Sound). It should be noted here that the effect 
of reef type is not really representative of reef elevation since identical sampling units 
(settlement plate arrays) were used for both reef types. The reef type factor was instead 
used as an indication of the effects of distance. from shore since the HRR are located 
further from shore than the LRRs. The BB plates were excluded from the above statistical 
analysis as these plates were only used at HRRs. The data from these BB plates will, 
however, be used in the scaling up from settlement plate production to reef production. 
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A one-way ANOVA with depth as the main factor was conducted on the 
phytoplankton data aggregated over all reefs and two seasons (fall and winter only) to 
compare R, P0 , chl-a, and POM of water samples taken from the surface and bottom of 
the water column. This was followed by a two-way ANOV A on the surface 
phytoplankton samples only to explore seasonal and spatial (reef) patterns in R, P0 , chl-a, 
and POM. Separate one-way ANOV As were then conducted on the main effects of 
season and reef for each of the four variables to display emergent properties, followed by 
post-hoc comparisons (Tukey' s) of significant main effects. 
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Figure 7. Experimental design cube depicting the three factors and the various levels of 
each factor, as well as missing blocks of data. 
Scaling up to Landscape Production Estimates 
The four reefs studied were physically mapped to estimate their surface area, 
which was then used to scale up from the settlement plate net productivity measurements 
to net annual habitat production for each reef. The two low reliefreefs (LRRs) were 
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physically mapped by poling the entire area allocated for reef construction and 
renourishment, which is usually substantially greater than the area of the actual reef. The 
four comer coordinates of the allocated area were used to create an imaginary 10 by 10 
cell grid (200 m2) centered on a midpoint coordinate provided by the MDMR Artificial 
Reef Program. At each of the 100 points within the grid, a 3.1 m (10 ft) PVC was used to 
determine the substrate type (mud, mud-gravel, mud-shell, or reef) and the geospatial 
coordinates were recorded to 0.5-1.0 m accuracy using a Trimble® GPS (Figure 8). The 
two high relief reefs (HRRs) were mapped by recording the coordinates at 10 points 
along each edge of the reef with the Trimble® (Figure 8). 
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Figure 8. Diagram depicting the field mapping methods for HRRs (left) and LRRs 
(right). GPS coordinate points were recorded around the perimeter of the HRRs and at 
each cell within the lOxlO cell grid on the LRRs. 
The GPS data for the four reefs was imported into Pathfinder® Office (Trimble 
Corp.) and saved as individual MS ExceFM tables. The tables were converted to *.csv 
files and prepared for importing into ArcMap (ArcGIS 9.3, ESRI Corp.). For the low 
relief reefs, an extra column named "Code" was created in the table where a value from 1 
to 4 (1 = mud, 2 = mud/gravel, 3 = mud/shell, 4 = reef) was assigned to the different 
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substrate categories. These tables were then converted to shapefiles using the Display XY 
Data tool in order to display the coordinate points in ArcMap. A natural neighbor 
interpolation using the default settings with a 1 m2 output cell size was applied to the 
LRR data in order to map substrate type. Spatial interpolation is used to estimate the 
value of a variable at an unsampled location from measurements made at other sites. The 
output of the interpolation is a raster file of the continuous poled area of the benthos 
classified by substrate type. 
The LRR surface areas were obtained by converting the interpolated raster to a 
polygon shapefile, which created a polygon for each of the four substrate classes. The 
area of the reef substrate class was calculated in the attribute table by determining which 
row corresponds to that class and applying the calculate geometry tool to get an area 
measurement. The HRR surface areas were obtained by creating a new polygon shapefile 
and using the editor tool in ArcMap to draw a polygon by hand tracing the reef edge 
coordinate points. The basal areas of each reef were then calculated in the attribute table 
by inserting a new column named "area" and selecting the calculate geometry tool. 
Because the areas obtained from the GIS software for the HR reefs are basal 
areas, the reefs were assumed to be shaped like isosceles triangular prisms in order to 
estimate the three-dimensional surface area (Figure 9). The height was set as the mean 
water level at the reefs (3. I meters), the length (L) and width were obtained from the 
mapped basal areas, and the length of the slope (S) were calculated using the Pythagorean 
theorem. Only the surface areas of the two side rectangles (A= 2 x L x S) were used to 
scale up net production since the area of the two end triangles is negligible and the 
bottom rectangle cannot be used as a settlement surface. 
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Net productivity measurements were converted from g 0 2 hr-1 m-2 tog C hr-1 m-2 
assuming a photosynthetic quotient (moles of 02:C02) of 1.0 (Kirk 2010). For each 
seasonal deployment, these hourly per m2 productivity measurements were scaled up tog 
C produced per reef per season using the following equation: 
g C hr-1 m-2 (season) *reef area *12 hrs *90 days 
Twelve hours was used to scale up to daily production rates since this is on average the 
length of daylight during which time photosynthesis can take place. The daily estimate 
was multiplied by 90 days to get a seasonal estimate representing a quarter of the year 
(approximately 90 days). Because the LRRs do not have any significant vertical relief, 
only the bottom (B) settlement plate was used to extrapolate to total reef production. 
The HRRs were dealt with as triangular prisms and broken up into four depth 
zones (S, M, B, BB) corresponding to the four plates on the artificial settlement 
installations. Mean S, M, B, and BB plate productivity estimates for each deployment 
were multiplied by Y4 of the reef area to estimate net production at each depth zone for 
that season. The results for each depth zone were then added together to get the total HR 
reef production for each deployment (Figure 9). 
The total carbon fixed in the water column surrounding the reefs was also 
extrapolated from the mean phytoplankton productivity measured in the BOD bottles. 
The volume of water above the LRRs was calculated from the basal area of the reef and 
mean water depth (height). This volume was then multiplied by the average amount of 
carbon fixed in the 300 mls of seawater collected from the surface waters during each 
deployment. The total carbon fixed in the water column surrounding the HRRs was 
calculated in the same way with the exception that the volume of the reef had to be 
subtracted from the volume of the water above the base of the reef to get the actual 
volume surrounding the reef (Figure 9). The hourly production rate for each reef was 
multiplied by 12 hours by 90 days to obtain a seasonal estimate. 
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Figure 9. Diagram showing the water column above the reefs, the reef depth zones 
(surface [S]; mid [M]; bottom [B]; bottom-bottom [BB]), and the settlement plate 
corresponding to each zone. a) Only the bottom plate of the LRR arrays was used to 
calculate reef net production. b) Reef net production for the HRRs was estimated from 
settlement plate production measurements from each depth zone. 
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Seasonal production estimates were added together to obtain annual reef and 
water column production estimates. These benthic and water column annual production 
estimates were then added together to obtain an estimate of total habitat annual net 
production for each reef, which incorporated both sources of primary productivity. 
Annual reef and water column production estimates were also standardized to area 
(square meter) and volume (cubic meter) in order to compare standardized mean annual 
production among reefs and dete1mine if HRRs and LRRs differed as expected. 
CHAPTER III 
RESULTS 
Environment 
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Light attenuation coefficients (Kct) were lowest in the winter (0.96) and fall (1.03) 
and highest in the spring (l.91) and summer (1.52) (Figure 10). The results are consistent 
with seasonal changes in turbidity in the Mississippi Sound, where the water column 
becomes clearer during cooler months and more turbid in the warm months. The 
calculated seasonal light attenuation coefficients appear to mirror monthly rainfall 
patterns; the high Kct values observed in the summer and spring correspond to greater 
rainfall during these seasons. 
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Figure 10. Box plot of light attenuation coefficients (Kct) measured seasonally from 
summer 2011-spring 2012. Spring 2012 Kct values estimated from secchi depth readings. 
Water temperature followed expected seasonal patterns with highest mean 
temperatures occurring in the summer (30.10 °C) and lowest mean temperatures (15.8°C) 
recorded in the winter (Figure 1 la, 13a). Water temperature remained fairly constant 
between the western and central portions of the Sound during the study period. Salinity 
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patterns followed those of seasonal rainfall patterns during the study (Figure 11 b, 12). 
Although there was a large amount of rainfall in the summer of 2011, salinity was still 
highest (26.9 ppt) during this season probably due to evaporation as a result of the high 
temperatures. The spring had the lowest salinity (17.3 ppt) corresponding to the increased 
rainfall events during this season. Furthermore, a clear salinity difference was observed 
between the western and central portions of the Sound, with the western region 
consistently experiencing lower salinities than the central Sound (Figure 11 b, 13 b ). The 
Bonnet-Carre spillway was not opened during our study period but did have an opening 
of 94% of the 350 bay doors on May 15, 2011 for 42 days, closing a little over a month 
prior to the commencement of our study. However, the effects of freshwater discharge 
from this opening seem to have dispersed by the time the study began, as indicated by the 
high salinity levels measured in the summer of 2011. 
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Effects of Season, Reef, and Depth on Settlement Plate Productivity 
1. All Reefs by Three Seasons 
51 
Three-way ANOVAs were performed to assess the effects of season, reef, and 
depth on community respiration (R), net production (Pn), chlorophyll-a (chl-a), and 
organic biomass (Borg), and examine the effects of interactions between treatments on the 
four variables. Treatment levels were as follows: three levels of season (summer, fall , and 
spring), four levels ofreef (Kat, Hand, Leg, and USM), and three levels of depth (surface, 
mid, and bottom settlement plates). Winter samples and BB plates were excluded from 
these analyses in order to meet the assumptions of the ANOVA test as these data were 
not available for all reefs (Figure 7) 
Although the main effects of season, reef, and depth were significant for all 
variables, the presence of significant interaction effects on all variables indicates that 
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these factors alone are not sufficient to explain the variability in the data (Table 1 ). A 
significant (p<0.000) season*reef interaction effect was found for Pn, R, chi-a, and Borg 
indicating that seasonal responses in all four variables are different across reefs. 
Respiration was also significantly (p<0.027) affected by the interaction of season*depth 
indicating that trends in R with depth are not constant from one season to the next (Table 
I). Although significant season*reef and reef*depth interaction effects were observed for 
Pn, variance due to these interactions is better explained by the significant (p<0.000) 
season*reef*depth interaction. This three-way interaction suggests that, not only are the 
temporal and vertical distribution of P n different among reefs, but also that seasonal 
patterns in the vertical distribution of Pn are different across reefs. In addition to the 
season*reef effect, a significant interaction (p<0.020) between reef*depth was observed 
for Borg, implying that the vertical distribution of organic biomass differed an1ong reefa. 
The graph of the significant season*reef interaction effect on respiration (Figure 
14a) shows relatively similar rates among reefs and across seasons. The exception was 
the spring Kat sample that had an extremely high respiration rate (1245.1 mg02 hr-1 m-2) 
compared to Rat the other reefs during any given season (ranges from 94.0 - 220.1 mg02 
hr-1 m-2). This large deviation at Kat during the spring is most likely driving the 
significant main effect response of both season and reef. The graph of the significant 
season*depth interaction effect on respiration (Fig 14b) shows a decrease in R with depth 
in the spring, while the other two seasons had relatively constant R with depth. This is 
largely driving the significant main effect response of depth. 
The three-way interaction effect graph for net productivity (Fig 15a) displays a 
general trend of increasing rates from summer to fall and a decrease from fall to spring. 
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Net productivity was highly variable during the spring, having both the highest (Kat S = 
220.7 mg02 h{1 m·2) and lowest (Leg M =-= -455.9 mg02 hr·1 m·2) values. On closer 
inspection of the plotted spring data it appears that reefs located further from shore 
generally had higher mean Pn values (29.3 and -5.2 mg02 hr-1 m·2 at Hand and Kat, 
respectively) than'reefs closer to shore (-412.7 and -202.2 mg02 hr-1 m·2 at Leg and USM, 
respectively), but the distribution of Pn with depth differed among reefs. Patterns in the 
data due to reef or depth during the fall and summer are not readily apparent in the three-
way graph because the points too tightly clustered. The season*reef graph (Figure 15b) 
illustrates the spring grouping of reefs based on distance from shore, but does not reveal 
the same pattern for the the fall and summer. However, Pn averaged over all seasons and 
depths was 4.0 mg 0 2 hr-1 m·2 on the more distant from shore HRRs and-114.2 mg 0 2 hr-
1 m·
2 
on the near shore LRRs. Furthermore, it is evident from this graph that reefs located 
further from shore experienced the same seasonal pattern in P11, with mean spring rates 
(12.1 mg02 hr-1 m"2) falling in between the high mean fall (57.2 mg02 hr·' m·2) and low 
mean summer (-47.0 mg02 hr·' m·2) rates. This pattern was not observed on the low relief 
reefs, where the lowest mean rates occurred during the spring (-307.5 mg02 hr-1 m·2) 
rather than the summer (-234.4.mg02 h{1 m·2). The reef*depth interaction graph for net 
productivity (Figure 15c) supports the pattern of higher P n at the farther from shore HRRs 
compared to the near shore LRRs previously observed in the season*reef graph, but 
additionally illustrates that this difference is largely driven by surface and mid plate Pn, 
more so that the bottom depth plates. The graph indicates that all reefs generally 
exhibited a decline in Pn with depth, although reefs located in the central sound (Kat, 
Leg) exhibited a steeper decline in the vertical distribution of P n than western reefs 
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(Hand, USM). However, the significant three-way interaction indicates that these trends 
did not occur equally during all three seasons. 
The season*reef interaction graph for chl-a does not demonstrate any consistent 
seasonal patterns among reefs (Figure 16). Patterns due to reef location or distance from 
shore are present but vary among seasons. In the summer, reefs located further from 
shore (i.e., HRRs) had a higher mean chl-a concentration (7.6 mg m-2) than reefs located 
closer to shore (i.e. , LRRs) at 3.3 mg m-2• In the fall, Leg and Kat, the two centrally 
located reefs, had a higher mean chl-a concentration (12.8 mg m-2) than the two western 
reefs (5.3 mg m-2). During the spring sample, chl-a concentrations decreased from east to 
west with Kat having the highest chl-a levels .(8.9 mg m-2), followed by Leg (4.2 mg m-2), 
USM (3.2 mg m-2), and Hand (2.2 mg m-2). The comparatively high concentration of chl-
a observed at Leg during the fall ( 16.4 mg m-2) is likely driving the significant main 
effect response of season. 
The graph of the significant season* reef interaction effect on organic biomass 
shows that Kat and USM have similar seasonal patterns of decreasing biomass from 
spring to fall to summer (Fig 17a). Summer biomass values were similarly low at all reefs 
(mean = 24.2 g m-2). During the spring, Kat, Leg, and USM had similar quantities of 
biomass (mean= 56.3 g m-2), whereas Hand had comparatively low amounts (12.0 g m-2). 
In the fall, Leg had the highest amount of biomass (114.6 g m-2), while the other three 
reefs had fairly similar quantities (mean= 27.4 g nf2). Hand had the lowest biomass 
during all three seasons (mean= 17.5 g m-2). 
The significant reef*depth interaction graph demonstrates that reefs did not 
exhibit similar trends in biomass with depth (Figure 17b ). At Leg, B org was similar 
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between surface (77.8 g m-2) and mid (74.7 g m-2) depths but decreased significantly from 
mid to bottom ( 44.1 g m-2) plates; Kat exhibited a decline in B org from the surface (52.2 g 
m-2) to mid (25.4 g m-2) plates but not from mid to bottom (29.7 g m-2) plates; USM had 
more B org on mid plates (47.9 g m-2) compared to the surface (34.8 g m-2), and bottom 
(25.0 g m-2) depths; and Hand had similar amounts of B org across all depths (mean= 18.2 
g m-2). There does appear to be a general trend of settlement plates coming from central 
reefs (Kat, Leg) having higher biomass than western reefs (Hand, USM), for the surface 
and bottom-depth plates, but not for the mid-depth plates. 
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Table 1 
Three-way ANO VA Output Tables for R, P 11, chi-a, and Borg/or 4 Reefs across 3 Seasons. 
Dependent Variable: R (mg02 hr- m-) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 64 198 15.1 2 3209907.5 41.1 .000 
Reef 796368 1.9 3 2654560.6 34.0 .000 
Depth 543 14 1.1 2 27 1570.6 3.5 .032 
Season * Reef 15106352.4 6 25 17725.4 32.3 .000 
Season * Depth 87 1566. 1 4 2 1789 1.5 2.8 .027 
Reef* Depth 577766.2 6 96294.4 1.2 .289 
Season * Reef* Depth 1043727.7 12 86977.3 I. I .348 
Error 21687888.5 278 7801 4.0 
Dependent Variable: Pn (mg0 2 hr- m-) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 17214 14.6 2 860707.3 73.2 .000 
Reef 1342 179.7 3 447393.2 38. 1 .000 
Depth 3234 17.7 2 16 1708.8 13.8 .000 
Season* Reef 2198455.6 6 366409.3 31.2 .000 
Season * Depth 79384.9 4 19846.2 1.7 .153 
Reef* Depth 151098.5 6 25 183. 1 2. 1 .049 
Season * Reef * Depth 4801 95.2 12 40016.3 3.4 .000 
Error 3268651.2 278 11 757.7 
Dependent Variable: Chia (m g m-) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 583.5 2 29 1.8 9.1 .000 
Reef 505.7 3 168.6 5.3 .002 
Depth 242.9 2 121.5 3.8 .025 
Season * Reef 1342.8 6 223.8 7.0 .000 
Season * Depth 95.8 4 24.0 .8 .560 
Reef* Depth 155.6 6 25.9 .8 .563 
Season * Reef* Depth 435.8 12 36.3 I.I .336 
Error 4 121.3 129 31.9 
Dependent Variable: Org Bio (g m- ) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 19516.4 2 9758.2 12.3 .000 
Reef 42526.2 3 14175.4 17.8 .000 
Depth 7754.5 2 3877.2 4.9 .009 
Season * Reef 47695.3 6 7949.2 10.0 .000 
Season * Depth 3805.8 4 95 1.4 1.2 .317 
Reef* Depth 126 13.5 6 2 102.2 2.6 .020 
Season * Reef* Depth 16829.7 12 1402.5 1.8 .064 
Error 88409.6 111 796.5 
-. 
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Due to the complex interactions among the three factors, graphical exploration of 
the interaction effects on the fow- variables (R, Pn, chl-a, and Borg) did not reveal any 
readily interpretable trends in the data. To compensate for this, separate one-way 
ANOVAs (12 total) were performed in order to obtain a clearer understanding of the 
main effects of season, reef, and depth on R, P n, chl-a, and Borg without accounting for 
the apparent noise caused by seemingly random interactions among treatment responses. 
Treatment levels were the same as in the previous three-way ANOVAs. The reader is 
reminded that the incomplete winter samples and BB plates were excluded from this set 
of ANOVAs in order to meet the assumptions of the fully factorial test. 
In the one-way analyses, season and reef treatments had significant effects on all 
four variables, while depth had significant effects on P n and chl-a only (Table 2). 
Respiration was significantly affected by season (F2,J 11 = 26.81 ; p<0.000), and by reef 
(FJ,310= 17.49; p<0.000), but not depth. Net productivity was significantly affected by 
season (F2,311 = 38.6; p<0.000), by reef (FJ,310= 13.6; p<0.000), and by depth (F2,311 = 5.9; 
p<0.003). Chlorophyll-a was significantly affected by season (F2,162 = 6.8; p<0.001 ), by 
reef(F3,t6t = 3.6; p<0.015), and by depth (F2,162= 3.1; p<0.046). Organic biomass was 
significantly affected by season (F2,144 = 7.7; p<0.001) and by reef(F3,143 = 10.1 ; 
p<0.000), but not depth. 
Post-hoc comparisons of the seasonal' effect on R show that spring had 
significantly higher respiration rates ( 4 76 mg02 hr-1 m-2) than summer and fall, which did 
not differ significantly from each other (Table 2 top). However, this difference is being 
driven by the extremely high respiration rates at Kat during the spring (Figure 14a) and 
does not accurately represent R for all other reefs during this season (Fig 18). Net 
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photosynthesis varied significantly among all three seasons with spring having the most 
negative (-157 mg02 hr-1 m-2) net photosynthesis rates (Table 2 top). The highly negative 
Pn values during the spring are caused by the values measured at the LRR.s and not by 
Kat, as would be expected by the high R measured there in the spring (Figure 18). The 
significantly higher chl-a values observed in the fall (9.2 mg m-2) compared to summer 
and spring, which were not significantly different from each other, can be attributed to 
the high concentration of chl-a measured at Leg during the fall (Figure 16). Organic 
biomass was also highest in the fall (52.3 g m-2), although not significantly greater than 
the spring sample, and lowest (24.4 g m-2) during the summer (Table 2 top). In summary, 
spring had the highest R, lowest Pn, lowest chl-a, and intermediate amounts of Borg, 
whereas the fall had the lowest R, highest Pn, highest chi-a, and highest Borg· 
Post-hoc comparisons ofreef effects on respiration show that Kat had 
significantly higher R (501 mg02 hr-1 m-2) than the other three reefs (Figure 18, Table 2 
center). However, this is caused by the spring sample, as was seen previously in the 
season*reef interaction graph (Figure 14a). On average, net productivity was significantly 
lower on the two reefs located closer to shore (Leg and USM) than on those further from 
shore (Kat and Hand) but, as shown previously in the season*reef interaction graph 
(Figure 15b ), this result is largely driven by the highly negative responses measured in 
the spring sample (Table 2 center). Chlorophyll concentrations were significantly higher 
at Kat and Leg (central reefs) than at USM (western reef), but chi-a at Hand was not 
significantly different from any of the other reefs (Figure 18, Table 2 center). Although, 
the intermediate levels of chi-a (5.9 mg m-2) at Hand seem inconsistent with its high net 
photosynthesis values, this could be explained by the higher chlorophyll to biomass ratio 
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(0.32) at this reef. Kat, which had the second highest net photosynthesis rates, also had 
high chlorophyll concentrations (8.1 mg m·2) as well as a high chlorophyll to biomass 
ratio (0.23). Legacy and USM, which had the lowest net photosynthesis values, have 
correspondingly low chlorophyll to biomass ratios (0. I 2 and 0.11, respectively). Organic 
biomass was significantly higher at Leg and similar among the other three reefs. 
A consistently declining trend in all four variables with increasing depth was 
observed (Figure 18). Depth had a significant effect on Pn and was only borderline 
significant (p<0.046) on chl-a, but was not significant for R or B0 ,g (Table 2 bottom). Net 
productivity and chl-a were both significantly higher on surface plates than bottom plates, 
and mid plates were not different from either surface or bottom plates (Figure 18). 
Table 2 
One-way ANO VA Summary Tables of Means, p-values, and Tukey 's Post-Hoc 
Comparisons of R, Pn, chi-a, and B org by 3 Seasons, 4 Reefs, and 3 Depths. 
Season R (mg0 2 hr·1 m·2) Pn (mg0 2 hr·• m"2) Chi (mg m"2) Bio (g m·2) 
Sig. p = .000 p = .000 p = .001 p = .00 1 
b b b b 
Summer 128.1 ± 5.2 -63.3 ± 4.7 5.5 ± 0.7 24.4 ± 1.4 
b a a a 
Fall 121.0±4.3 38.6 ± 8.3 9.2 ± 1.3 52.3 ± 8.5 
Spring 476.0 ± 72.S 
a C 
-157.3 ± 27.4 
b a 
4.9 ± 0.6 47.3 ± 5.3 
Reef R (mg0 2 hr·1 m·2) Pn (mg02 hr·1 m·2) Chi (mg m"2) Bio (g m·2) 
Sig. p = .000 p = .000 p = .015 p = .000 
a a a b 
Kat 501.5 ± 81.3 -8.6 ± 17.6 8.1 ± 0.9 35.3 ± 4.4 
b b a a 
Leg 154.5 ±22.6 
-120.8 ± 24.4 7.9 ± 1.5 65.2 ± 9.4 
b a ab b 
Hand 113.6 ± 4.0 16.6 ± 9.5 5.9 ± 0.7 18.2 ± 1.8 
b b b b USM 138.7 ± 12.5 
-I 07. 7 ± 1 7.1 3.8 ± 0.5 35.9 ± 4.6 
Depth R (mg02 hr·• m·2) Pn (mg02 hr·• m·2) Chi (mg m"2) Bio (g m"2) 
Sig. p = .203 p = .003 p = .046 p = .108 
290.8 ± 58.7 a a 47.0 ± 5.7 s -14.7 ± 19.5 8.0 ± 1.3 
205.9 ± 30.9 ab ab 43.1 ± 7.7 M 
-62.3 ± 16.3 6.7 ± 0.8 
B 196.1 ± 25.7 b -96.0 ± 14.6 
b 30.4 ± 3.2 4.8 ± 0.5 
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Figure 18. Main effects graphs for one-way ANOV As reported in Table 2. Top panel -
mean ± s.e. 0 2 exchange by season (a), reef (b), and depth (c). Mid panel - mean ± s.e. 
chi-a concentration by season (a), reef (b), and depth (c). Bottom panel - mean ± s.e. 
organic biomass by season (a), reef (b), and depth (c). 
2. Low relief reefs by four seasons 
Low relief reefs (LRRs) were examined separately as data was collected from 
these reefs in all four sampling seasons, enabling the examination of seasonal patterns 
more closely than in the previous section (see Figure 7). Three-way ANOV As were 
perf01med on R, Pn, chi-a, and Borg to examine patterns due to season (summer, fall, 
winter, spring), reef (Legacy and USM), and depth (surface, mid, and bottom). Season 
had a significant effect on all four variables, reef had a significant effect on R, chl-a, and 
1--
64 
Borg but not Pn, and depth significantly affected Pn and Borg only (Table 3). Despite these 
significant main effects, the presence of significant interaction effects on all variables 
indicates that these factors alone are not sufficient to explain the variability in the data 
(Table 3). 
A significant (p<0.001) season*reef interaction effect was found for all four 
variables suggesting that the two LRRs are behaving differently within and across 
seasons (Table 3). Respiration was also significantly (p<0.002) affected by the interaction 
of season*depth indicating that trends in R with depth are not constant from one season 
to the next. Although significant two-way interaction effects were observed for all 
combinations of main effects on P n, variance due to these interactions is better explained 
by the significant (p<0.000) season*reef*depth interaction. This three-way interaction 
suggests that not only are the temporal and vertical distribution of Pn different among the 
two reefs, but also that seasonal patterns in the vertical distribution of P n are different 
across the two reefs. 
The graph of the significant reef*season interaction effect on respiration (Figure 
19a) shows that the two reefs exhibit different seasonal patterns. Respiration rates at Leg 
declined from summer (166.3 mg02 hr-1 m-2) to fall (134.8 mg02 hr-1 m-2), increased 
considerably in winter (280.7 mg02 hr-1 m-2), and declined again in spring (174.5 mg02 
hr- 1 m-2)_ At USM, respiration rates remained fairly consistent among summer (110.2 
mg02hr-1 m-2), fall (103.8 mg02hr-1 m-2), and winter (89.2 mg02hr-1 m-2), and then 
increased significantly in the spring (220.1 mg02 hr-1 m-2)_ Respiration was higher at Leg 
for all seasons except spring (Fig 19a). 
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Respiration also exhibited a significant season*depth interaction suggesting that 
respiration did not exhibit a consistent depth trend across seasons (Figure 19b ). In the 
spring, R declined considerably from S to M plates but was greater on M plates than B 
plates. S plates also had the lowest R rates in the fall, while Mand B plates were fairly 
similar. In the winter, the highest rates of R occurred on M plates and lowest rates were 
observed on S plates. During the summer, R declined from S to M plates, but remained 
fairly constant between M and B plates (Figure 19b ). 
The three-way ANOVA on P0 resulted in significant p-values for all interaction 
combinations. Therefore, the significant three-way interaction between season, reef, and 
depth was used to interpret the results, as this interaction best explains the variability in 
the data. The finding of a significant three-way interaction effect indicates that not only 
did the reefs not experience similar seasonal or vertical trends in P n, but also that the 
vertical distribution of this response was different between reefs in a given season. The 
three-way interaction effect graph for P0 (Figure 20a) displays a general trend of 
increasing rates from summer to fall and decreasing P n from winter to spring. Net 
productivity was more variable during both the winter and spring seasons compared to 
the prior summer and fall. Graphs of the two-way interactions were used to help interpret 
potential patterns inherent in the three-way interaction graph. 
The reef*season interaction plot for P0 ·demonstrates that Leg and USM had 
similar seasonal fluctuations with the exception of winter (Figure 20b). Both reefs 
increased Pn from the summer (Leg = -50.1, USM= -111.3 mg02 hr-1 m-2) to the fall (Leg 
= 71.3, USM= -30. 7 mg02 hr-1 m-2); however, in the winter P11 .at Leg decreased (3 1.3 
mg02 hr-1 m-2) while P0 at USM increased (-6.8 mg02 lu·-1 m-2). Both reefs experienced a 
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considerably decline in Pn from winter to spring (Leg= -412.7, USM= -202.2 mg02hr-1 
m-2). Legacy had greater Pn rates than USM from summer to winter, but fell below USM 
in the spring, resulting in the significant (p<0.000) season*reef interaction effect 
observed. The three-way graph shows that this is largely driven by surface plates at Leg 
(Figure 20a). The reef*depth interaction graph shows that Leg exhibits a clear trend of 
decreasing P n with depth, but USM does not (Figure 20c ). Surface plates on Leg (11.5 
mg02hr-1 m-2) had greater Pn values than USM surface plates (-67.8 mg02hr-1 m-2), but 
this relationship is reversed for mid and bottom plates. The significant reef*depth 
interaction effect (p<0.000) is caused by the crossing of the two trend lines at the mid 
depth. Seasonal differences in this depth relationship are difficult to tease apart from the 
three-way graph, but the finding of a significant three-way interaction suggests that the 
pattern does not hold across all seasons. From the season*depth interaction graph, it is 
evident that fall, summer, and spring had Pn rates that remained fairly constant among the 
three depths, and that the strongest depth related change in Pn occurred in the winter 
(Figure 20d). The three-way interaction plot shows that the large decline in Pn with depth 
occurred during the winter at Leg, and that USM did not have as large a decrease in net 
production with depth. 
The reef*season graph for chlorophyll-a (Figure 21) shows the two reefs had 
similar concentrations during the summer (Leg= 3.1 ; USM= 3.5 mg m-2), winter (Leg = 
3.6, USM= 3.5 mg m-2), and spring (Leg = 4.2, USM= 3.2 mg m-2). In the fall, however, 
Leg experienced a spike in chl-a levels (16.4 mg m-2), while USM increased only slightly 
(4.5 mg m-2). The comparatively high concentration of chl-a observed at Leg during the 
fall is likely driving the significant main effect response of season. 
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The reef*season interaction plot for organic biomass shows similar trends for Leg 
and USM across all seasons, suggesting that seasonal patterns in biomass settlement on 
the plates were similar between reefs (Figure 22). The two reefs exhibited very similar 
amounts of biomass during the summer (Leg = 27.5, USM = 23.0 g m-2), and spring (Leg 
= 54.8, USM= 60.6 g m-2), but Leg exhibited higher quantities than USM in the winter 
(Leg = 24.5, USM = 11.3 g m-2) and especially the fall (Leg = 114.6, USM = 33.5 g m-2). 
The comparatively high amount of Borg observed at Leg during the fall is likely driving 
the significant main effect response of season. 
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Table 3 
Three-way ANO VA Output Tables for R, P n, chi-a, and Borg/or 2 Reefs across 4 Seasons. 
Dependent Variable: R (mg02 hr· m· ) 
Source Sum of Sguarcs Of Mean Sguare F Sig. 
Season 221364.8 3 73788 .3 3.4 .019 
Reef 182279.0 I 182279.0 8.4 .004 
Depth 123636.7 2 61818.4 2.8 .061 
Season * Reef 389439.5 3 129813.2 6.0 .001 
Season * Depth 467178.3 6 77863 .1 3.6 .002 
Reef* Depth 34857.8 2 17428.9 .8 .450 
Season * Reef * Depth 148731.8 6 24788.6 I. I .341 
Error 4221375.6 194 21759.7 
Dependent Variable: Pn (mg02 hr· m· ) 
Source Sum of Sguares Of Mean Sguare F Sig. 
Season 3501200.1 3 1167066.7 93.0 .000 
Reef 288.9 .1 288.9 .0 .880 
Depth 394182.4 2 197091.2 15.7 .000 
Season * Reef 742247.5 3 247415.8 19.7 .000 
Season * Depth 416377.5 6 69396.3 5.5 .000 
Reef* Depth 248301.4 2 124150.7 9.9 .000 
Season * Reef* Depth 361855.2 6 60309.2 4.8 .000 
Error 2447123.6 195 12549.4 
Dependent Variable: Chia (mg m· ) 
Source Sum ofSguares Of Mean Sguare F Sig. 
Season 1062.4 3 354.1 12.2 .000 
Reef 272.6 I 272.6 9.4 .003 
Depth 179.2 2 89.6 3.1 .05 1 
Season * Reef 753.9 3 251.3 8.6 .000 
Season * Depth 315.6 6 52.6 1.8 .106 
Reef* Depth 63 .5 2 31.8 I. I .340 
Season * Reef* Depth 229.6 6 38.3 1.3 .258 
Error 2615.4 90 29.1 
Dependent Variable: Org Bio (gm·) 
Source Sum of Sguares Of Mean Sguare F Sig. 
Season 55190.2 3 18396.7 18.4 .000 
Reef 13664.3 I 13664.3 13.7 .000 
Depth 7720.1 2 3860.1 3.9 .025 
Season * Reef 29541.0 3 9847.0 9.9 .000 
Season * Depth 10341.7 6 1723.6 1.7 .126 
Reef* Depth 2370.2 2 1185.1 1.2 .3 11 
Season * Reef * Depth 6717.0 6 1119.5 1.1 .358 
Error 78940.9 79 999.3 
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Separate one-way ANOVAs (12 total) were performed to examine the main 
effects of season, reef, and depth, on grouped respiration, net productivity, chlorophyll -a, 
and biomass without having to account for the complex interactions among treatments. 
Treatment levels were the same as in the previous three-way ANOV As. 
Based on the one-way analyses, season had a significant effect on P11 (f 3,215 = 
60.0; p<0.000), chl-a (f 3,110 = 8.7; p<0.000), and Borg (F3,99 = 13.4; p<0.000), but not on 
R (Table 4 top). Post-hoc comparisons of the significant seasonal effect on P11 showed a 
significant increase from summer (-79.1 mg02 hr-1 m·2) to fall, statistically similar rates 
between fall and winter (mean= 17.2 mg02 hr"1 m·2), followed by a decrease in spring 
(-320.6 mg02 hr"1 m·2) (Figure 23). This is consistent with the results from the three-way 
ANOV A, which showed that both reefs experienced this same seasonal pattern (Figure 
20b). Post-hoc comparisons on the significant chlorophyll result, reveal chl-a 
concentrations were highest in the fall, but did not vary significantly during the other 
three seasons (mean = 3.5 mg m·2). However, we know from the three-way ANOVA that 
the high chi-a concentrations during the fall are being driven by the peak chl-a values 
observed at Leg during that season and that USM did not exhibit simi lar peak values 
(Figure 21). Biomass was significantly higher in the fall and spring compared to the 
summer and winter (Figure 23, Table 4 top) on both reefs, but Leg had especially high 
amow1ts in the fall (Figure 22). 
The results for reefs indicate that the two LRRs were significantly different from 
each other in their respiration rates (f 1,216 = 8.2; p<0.005), chi-a content (F 1,112 = 5. 7; 
p<0.019), and biomass (F1,1o1 = 9.8; p<0.002), but did not differ significantly in their P11 
values (Figure 23, Table 4 center). Leg and USM means indicate that R, chl-a, and Borg 
were all significantly greater at Leg compared to USM. 
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Depth only had a significant effect on net photosynthesis (F2,216 = 5.7; p<0.004), 
but not any of the other variables tested (Figure 23, Table 4 bottom). The post-hoc 
comparison of P11 at three different depths indicates that surface and bottom plates are 
significantly different from each other, but mid-depth plates are not significantly different 
from either surface or mid plates. However, the three-way analysis indicated that this 
pattern did not occur at USM, where Pn did not vary significantly among depths (Figure 
20a). 
Table 4 
One-way ANO VA Summary Tables of Means, p -values, and Tukey 's Post-Hoc 
Comparisons of R, Pn, chi-a, and B org by 4 Seasons, 2 Reefs, and 3 Depths. 
Season 
Sig. 
Summer 
Fall 
Winter 
Spring 
LR Reefs 
Sig. 
Leg 
USM 
Depth 
Sig. 
s 
M 
B 
R (mg02 hr-1 m-2) 
p = .066 
139.3 ± 7.9 
120.2 ± 5.7 
179.9 ± 19.1 
194.5 ± 43.0 
R (mg02 hr-1 m·2) 
p = .005 
187.2 ± 19.2 
124.5 ± 9.2 
R (mg0 2 hr·1 m-2) 
p = .129 
I 88.7 ± 27.6 
140.0 ± 11.8 
142.2 ± 13.7 
Pn (mg02 hr·• m-2) 
p = .000 
b 
-79.1 ± 7.0 
23.0 ± 12.6 
a 
a 
11.3 ± 23.2 
C 
-320.6 ± 31.4 
Pn (mg02 _hr·' m·2) 
p = .826 
-84.7 ± 22.6 
-78.9 ± 13.1 
Pn (mg02 hr·• m·2) 
p = .004 
a 
-26.5 ± 26.0 
ab 
-84.9 ± 22. I 
b 
-1 34.3 ± 19. 1 
Chi (mg m-2) Bio (g m·2) 
p = .000 p = .000 
b b 
3.3 ± 0.5 25 .3 ± 1.8 
a a 
10.4 ± 2.2 77.2 ± 13.9 
b b 
3.5 ± 0.3 17.4 ± 1.7 
b a 
3 .7 ± 0.4 57.3 ± 7.0 
Chi (mg m·2) Bio (g m·2) 
p = .019 p = .002 
6.8 ± 1.2 56.0 ± 7.6 
3 .7 ± 0.4 29.0 ± 3.7 
Chi (mg m·2) Bio (g m·2) 
p = .149 p = .201 
6.5 ± 1.6 45.9 ± 7.0 
6.0 ± 1.0 50.8 ± 10.4 
3.6 ± 0.4 31.8 ± 4.4 
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Figure 23. Main effects graphs for one-way ANOVAs reported in Table 4. Top panel-
mean ± s.e. 0 2 exchange by season (a), reef (b), and depth (c). Mid panel-mean± s.e. 
chi-a concentration by season (a), reef (b), and depth (c). Bottom panel - mean ± s.e. 
organic biomass by season (a), reef (b), and depth (c). 
Phytoplankton 
Surface versus Bottom Samples 
A one-way ANOVA was conducted on the phytoplankton data aggregated over 
all four reefs and two seasons (fall and winter) to compare the productivity, chla 
concentration, and biomass (measured as Particulate Organic Matter or POM) of water 
samples taken from the surface and bottom depths of the water column. The results 
indicate that the overall effect of depth on the phytoplankton R, P11, chi-a, and POM is not 
statistically significan t (Table 5). Given these results, the water column in the Sound 
appears to be well mixed, and therefore surface samples were considered to be a good 
representation of the water column and would be sufficient for further analysis of 
phytoplankton data across all four seasons. 
Table 5 
One-way A NOVA Output Tables for Analysis of Depth Effect (surface vs. bottom) on R, 
Pn, chi-a, and POMfrom Phytoplankton for 4 Reefs across 2 Seasons. 
Dependent Variable: R (mg0 2 lu--1 m-3) 
Source Sum of Squares df 
Depth 8 186.0 I 
Error !200547.8 158 
Dependent Variable: Pn (mg0 2 hr-1 n(3) 
Source Sum of Squares df 
Depth 171901.2 1 
Error 18492326.4 158 
Dependent Variable: Chia (mg m-3) 
Source Sum of Squares df 
Depth 38.457 I 
Error 1250. 11 4 80 
Dependent Variable: PO M (g m·3) 
Source Sum of Sq uares df 
Depth 3.420 1 
Error 1321.652 76 
Mean Square 
8186.0 
7598.4 
Mean Square 
171901.2 
117040.0 
Mean Square 
38.457 
15.626 
Mean Square 
3.420 
17.390 
Seasonal and Spatial Patterns in Phytoplankton 
F Sig. 
1.077 .30 1 
F Sig. 
1.469 .227 
F Sig. 
2.46 1 .12 1 
F Sig. 
.197 .659 
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Two-way ANOVAs were run on water column R, Pn, chl-a, and POM to explore 
seasonal and spatial (reef) patterns in these four variables. The main effects of season 
(summer, fall, winter, spring) and reef (Kat, Hand, Leg, and USM) were both significant 
for all variables (Table 6). The season*reef interaction was also significant for all 
variables, indicating that reefs exhibit different seasonal patterns (Table 6). 
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The two-way reef*season interaction plot for respiration did not reveal any 
consistent seasonal trends in R across all four reefs (Figure 24). The two central reefs 
both experienced an increase in water column R from summer (Kat= 92.2, Leg = 53.3 
mg02 hr-1 m-3) to fall (Kat = 275.0, Leg= 238.3 mg02 hr-1 m-3) followed by a decrease 
into winter (Kat = 212.2, Leg= 133.3 mg02hr-1 m-3); however, while Kat continued to 
decline from winter to spring (135.6 mg02 hr-1 m-3), Leg experienced a slight increase 
(141.1 mg02hr-1 m-3). Water column Rat USM remained fairly steady from summer 
through winter (mean= 75.9 mg02hr-1 m-3) and then increased in the spring (157.8 mg02 
hr-1 m-3). Hand experienced a continuous increase in R from summer (40.0 mg02 hr-1 m-3) 
through spring (125.6 mg02 hr-1 m-3). The interaction graph (Figure 24) also shows that 
water column R was higher at the two central reefs (Kat and Leg) compared to the two 
western reefs (Hand and USM) during the fall (central reefs= 256.7, western reefs = 68.9 
mg02 hr-1 m-3) and winter ( central reefs= 172.8, western reefs = 91.7 mg02 hr-1 m-3). All 
four reefs had comparable water column respiration rates during the summer (mean = 
65.6 mg02 hr-1 m-3) and spring (mean= 140.0 mg02 hr-1 m-3) . 
The graph of the significant reef*season interaction effect on water column net 
productivity does not reveal any consistent seasonal patterns across reefs (HRR vs. LRR), 
reef location ( central vs. western Sound), or distance from shore (inshore vs. offshore) 
(Figure 25). At Kat and Leg, water column P0 declined from summer to fall , but 
displayed inverse patterns during the rest of the study period. Water column P n at Kat 
increased in the winter and then declined in the spring, while at Leg it decreased in the 
winter and increased in the spring. Water column Pn at USM increased from summer to 
fall , decreased greatly in the winter, and then increased again in the spring. Hand had 
fairly constant water column Pn from summer to fall, and then it increased from fall 
through spring. 
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The significant reef*season interaction effect for water column chlorophyll-a does 
show a general trend of increasing concentrations from the summer (mean= 5.1 mg m-3) 
to the fall (mean= 6.6 mg m-3), followed by a decline into the winter (mean= 3.4 mg 
m-
3) and a recovery in the spring with concentrations similar to those observed in summer 
(mean = 5.1 mg m-3) (Figure 26). Furthermore, reefs appear to be grouping by distance 
from shore for all seasons except spring. The two inshore reefs had higher water column 
chi-a levels than the offshore reefs during the summer (LRR mean= 7.1, HRR mean= 
3.1 mg m-3) and fall (LRR mean= 7.9, HRR mean= 5.2 mg m-3), although USM, a LRR, 
(7.2 mg m-3) and Kat, a HRR, (6.9 mg m-3) were fairly similar. In the winter, this pattern 
was reversed, with reefs located further from shore (mean= 4.4 mg m-3) having higher 
water column chi-a concentrations than inshore reefs (mean = 2.4 mg m-3). 
The graph of the significant season*reef interaction effect on POM reveals a clear 
seasonal trend occurring across all reefs (Figure 27). POM concentrations were highest in 
the summer (mean = 16.4 g m-3) and winter (mean= 11.7 g m-3) and lowest in the fall 
(mean= 4.1 g m-3) and spring (mean = 6.8 g m-3). During the summer, the central reefs 
(Kat and Leg, mean = 19 .2 g m-3) had higher concentrations of POM than the western 
reefs (Hand and USM, mean = 13.5 g m-3). All four reefs generally had similar quantities 
of POM during the fall, winter, and spring with the exception of Hand, which had 
somewhat lower concentrations in winter and spring (Figure 27). 
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Figure 24. The reef*season interaction effect on mean± s.e. water column respiration for 
4 reefs across 4 seasons. 
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Table 6 
Two-way ANO VA Output Tables for R, P n, chi-a, and POM from Phytoplankton for 4 
Reefs across 4 Seasons. 
Dependent Variable: R (mg0 2 hr·1 m"3) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 209515.4 .., .) 69838.5 3 1.9 .000 
Reef 226834.9 3 75611.6 34.5 .000 
Season * Reef 255479.9 9 28386.7 13.0 .000 
Error 3 15142.0 144 2 188.5 
Dependent Variable: Pn (mg0 2 hr·' m·3) 
Source Sum of Squares df Mean Square F Sig. 
Season 2671847.8 3 890615.9 27.8 .000 
Reef 861246.0 3 287082.0 9.0 .000 
Season * Reef 10173426.3 9 1130380.7 35.3 .000 
Error 46 15404.3 144 3205 1 .4 
Dependent Variable: Chia (mg m"3) 
Source Sum of Sguares Df Mean Sguare F Sig. 
Season 102.5 3 34.2 10.7 .000 
Reef 39.6 3 13.2 4. 1 .010 
Season * Reef 209.5 9 23.3 7.3 .000 
Error 207.9 65 3.2 
Dependent Variable: POM (g m"3) 
Source Sum of Sguares df Mean Sguare F Sig. 
Season 1733.324 3 577.775 125.642 .000 
Reef 129.268 3 43.089 9.370 .000 
Season * Reef 185.643 9 20.627 4.486 .000 
Error 289.711 63 4.599 
Separate one-way ANOVAs (8 total) were run on the main effects of season and 
reef to look for general patterns on grouped water column respiration, net productivity, 
chlorophyll-a, and POM without accounting for interaction effects. Season had a 
significant effect on all four variables: R (F3,1s6= 13.7; p<0.000), Pn (F3,1s6= 8.9; 
p<0.000), chi-a (F3,77 = 5.8; p<0.001), and POM (F3,75 = 8.2; p<0.000), as previously 
indicated in the three-way analysis but, unlike the three-way results, reef was only 
significant (F3,1s6= 15.1; p<0.000) for respiration (Table 7). 
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Post-hoc comparisons of the significant seasonal response show that water 
column respiration, grouped across all four reefs, was not significantly different between 
the fall, winter, and spring (mean = 145.0 mg02 hr·' m·3), but was significantly lower in 
the summer (65.6 mg02 hr-1 m·3) (Figure 28, Table 7). The post-hoc comparisons of the 
significant reef main effect on water column R reveal a similar pattern to that seen in the 
reef*season interaction effect graph (Figure 24), when~ centrally located reefs (Kat and 
Leg) exhibited higher respiration rates than western reefs (Hand and USM). 
Post-hoc comparisons of the significant seasonal effect on water column net 
productivity grouped across all four reefs show that rates were similar in the summer, 
fall, and spring (mean = 619.6 mg02 hr-1 m·3), but were significantly lower in winter 
(357.2 mg02 hr· ' m·3). However, because of the significant interaction effect observed in 
the two-analysis, this pattern is not representative of all reefs as was clearly seen in the 
previous interaction graph (Figure 25). Unlike the two-way analysis, there was no 
significant difference in P n among reefs. 
Water column chlorophyll-a concentrations were significantly higher in the fall 
(6.6 mg m·3) compared to the winter (3.4 mg m·3), while summer and spring levels (mean 
= 5.1 mg m·3) were not significantly different from each other or any other season (Table 
7). However, the reef groupings observed in the two-way interaction effects graph 
(Figure 26) were not found in the one-way analysis, where there was no significant 
difference in chlorophyll levels among reefs (Figure 28, Table 7). 
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Concentrations of POM were significantly different among all four seasons (Table 
7), as was seen previously in the sea~on*reef interaction graph (Figure 27). Summer and 
winter had the highest concentrations (16.4 and 11.7 g m-3) while fall and spring had the 
lowest ( 4.1 and 6.8 g m-3). The results of the one-way analysis for the effect of reef on 
POM (Figure 28, Table 7) did not show a significant difference in POM between reefs. 
Table 7 
One-way AN OVA Summary Tables of Means, p -values, and Tukey 's Post-Hoc 
Comparisons of R, Pn, chi-a, and POMfor Phytoplankton by 4 Seasons and 4 Reefs. 
Season R (mg0
2 
hr-• m-3) Pn (mg0
2 
hr-• m-3) Chi (mg m-3) POM (g m-3) 
Sig. p = .000 p = .00.0 p = .001 p = .000 
b a ab a 
Summer 65.6 ±1 0. 1 720.0 ± 55.6 5.1 ± 0.6 16.4 ± 1.0 
a a a d 
Fall 162.8 ± 16.9 564.6 ± 56.8 6.6 ± 0.5 4.1 ± 0.4 
a b b b 
Winter 132.2 ± 10.1 357.2 ± 37.4 3.4 ± 0.5 11.7±0.4 
a a ab C 
Spring 140.0 ± 4.5 574.2 ± 48.1 5.1 ± 0.6 6.8 ± 0.6 
Reef R (mg0
2 
hr-• m-3) Pn (mg0
2 
hr-1 m-3) Chi (mg m-3) POM (g m-3) 
Sig. p = .000 p = .057 p = .118 p= .147 
a 5.5 ± 0.5 11.9 ±1.7 Kat 178.7 ± 14.1 478.6 ± 43.9 
a 513.2 ± 49.8 5.2 ± 0.7 9.8 ± 1.2 Leg 141.5 ± 13.0 
b 3.8 ± 0.6 7.8 ± 0.9 Hand 83 .9 ± 6.9 551. 1 ± 52.9 
b 673. 1± 63.1 5.6 ± 0.5 9.8 ± 0.9 USM 96.4 ± 9.3 
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Figure 28. Main effects for one-way ANOV As on phytoplankton data reported in Table 
7. Top panel - mean ± s.e. 0 2 exchange by season (a) and reef (b). Mid panel -- mean± 
s.e. chl-a concentration by season (a) and reef (b). Bottom panel - mean ± s.e. POM by 
season (a) and reef (b). 
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Landscape Production Estimates 
The colonizable surface area of the two HRR was calculated as 21,239.6 m2 for 
Katrina and that of Square Handkerchief was 14,184.2 m2 (Table 8). The volume of the 
water column over Kat v..as 31 ,374 rri3 and 20,432 m3 over Hand (Table 8). At Kat, 
annual benthic production was around -1,338 kg C while water column production was 
estimated at 24,325 kg yeaf1 (Table 9). The sum of benthic and water column production 
estimates results in a net production estimate of approximately 23 t C year-1 at Katrina 
reef (Table 9). Annual benthic production at Hand was -74 kg C and water column 
production was 18,242 kg C yeaf 1. Net annual habitat production was approximately 18 t 
C yeaf I for this reef (Table 9). 
The surface areas of the two LRR (Legacy and USM) were 3,199.1 and 4,034.8 
m
2
, respectively (Table 8). The volume of the water column overlying Leg was 5,854 m3 
and the volume over USM was 7,384 m3 (Table 8). Annual benthic production on Legacy 
was -915.6 kg C and annual phytoplankton production in the water column overlying the 
reef was 4,867 kg C. The net habitat production for Legacy was calculated by adding the 
water column production estimates to the negative benthic production estimates and was 
found to be approximately 3,952 kg C year-1 (Table 9). Annual benthic production on 
USM was -843 kg C year-1 and 8,051 kg C yeaf I for phytoplankton in the overlying 
water. Annual net habitat production for USM reef was estimated at 7,208 kg C 
(Table 9). 
The estimated mean annual benthic and water column production was 
standardized to a one square meter in order to facilitate a direct comparison among the 
annual reef production estimates. The two LRRs had the lowest mean annual net benthic 
production values; - 286.2 and -208.9 g C m-2 yea{1 for Leg and USM, respectively 
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(Table 10). The two HRRs had substantially greater mean annual net benthic production 
compared to LRRs. However, Hand had considerably greater net benthic production rates 
compared to Kat, with estimates of -5.2 and -63.0 g C m-2 yea{1 respectively (Table 10). 
Mean annual water column production estimates were fairly similar among reefs, ranging 
from a low of 775.3 g C m-3 year-1 at Kat to a high of 1090. g C m-3 year-1 at USM (Table 
10), with a mean of 897 g C m-3 year-1 across all four sites. 
Table 8 
Ree/Surface Areas and Overlying Water Volumes. 
2 3 
Reef Surface Area (m ) Water V (m) 
Kat 21239.6 31373.6 
Hand 14184.2 20432.1 
Leg 3 199.J 5854.4 
USM 4034.8 7383.7 
Table 9 
Seasonal Benthic and Water Column Net Production per Reef (kg CJ, Annual Reef and 
Water Column Net Production, and Annual Landscape Production per Reef 
KAT HAND LEGACY USM 
Benthic P Water P Benthic P Water P Benthic P Water P Benthic P Water P 
n n n n n 
(kg C) (kgC) (kg C) (kg C) (kg C) (kg C) (kg C) (kg C) 
Summer -568.3 9854.4 -4 15.1 2519.3 -72.8 22 12.9 -240.7 259 1.7 
Fall 255.0 4934.3 376.5 2473.3 -27.9 11 38. 1 -69.6 3262.9 
Winter -334.4 5788.4 -1 8.5 5001.8 -276.6 706.0 -6 1.0 2 12.7 
Spring -690.0 3748.4 -1 7.0 8247.4 -538.2 810. 1 -300.3 1983.6 
Annual Pn (kg C) 
-1 337.7 24325.5 -74.1 18241.8 -915.6 4867.2 -842.8 8050.8 
Annual habitat P 23.0 t C yr" 1 18.2 t C yr"1 4.0 t C yr" 1 7.2 t C yr" 1 n 
Table 10 
Estimates of Annual Net Benthic Production per Square Meter and Annual Net Water 
Column Production per Cubic Meter for Kat, Hand, Leg, and USM Reefs. 
Reef 
2 
Surface Area (m ) 3 Water V (m) 
Kat 21239.6 31373.6 
Hand 14184.2 20432.1 
Leg 3199. 1 5854.4 
USM 4034.8 7383.7 
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CHAPTER IV 
DISCUSSION 
Synopsis of Findings 
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This study revealed a seasonal trend in mean settlement plate net productivity 
where rates were greatest during cooler months, i.e., fall and winter, when water clarity 
was also highest. Mean chl-a concentrations on the settlement plates were also greatest in 
the fall; however, winter chi-a levels on the LRR settlement plates did not follow the 
same trend, having equally low chl-a concentrations as those seen during the warmer, 
more turbid months. Unfortunately, winter data was not available for HRRs and therefore 
it was not possible to determine if low winter chl-a concentrations occurred at those reefs 
as well. 
Net productivity was found to be significantly greater on the HRR settlement 
plates located further from shore compared to the nearshore LRR plates. This trend was 
not observed for chl-a concentrations, which were greater on centrally located reefs 
compared to western reefs, although Square Handkerchief reef did not have significantly 
lower chl-a concentrations than central reefs. However, patterns due to reef location and 
distance from shore are difficult to determine as they are confounded by the fact that one 
pair of LRR and HRR reefs are located in the central Sound and the other pair are located 
in the western Sound. 
There was a significant trend of decreasing Pn and chi-a with depth on the 
settlement plates, as expected. However, when the LRR reefs were analyzed separately, 
the decline in chl-a with depth was not significant. The vertical distribution of Pn and chl-
a can be attributed to the rapid attenuation of light with depth due to the highly turbid 
waters of the Sound. 
89 
Water column P n and chl-a were greatest in the wanner months and lowest in the 
winter, exhibiting typical seasonal phytoplankton productivity and biomass patterns. 
POM concentrations exhibited an inverse seasonal pattern to that observed for chi-a, 
which is likely caused by changing composition of the organic biomass (i.e. , autotrophs 
vs. heterotrophs). There were no significant differences in Pn, chl-a, or POM among reefs, 
but water column respiration rates were significantly higher at centrally located reefs 
compared to western reefs. 
As expected, annual net benthic production per unit area was greatest on HRRs 
compared to LRRs, while annual net water colwnn production per unit volume was fairly 
similar among all four reefs. Annual reef net production, which accounted for both the 
benthic and water column sources, was greatest on HRRs and lowest on LRRS. 
Productivity and Bottle Incubations 
Measuring primary productivity in samples that contain considerable 
heterotrophic biomass using the oxygen light and dark bottle method presents a 
challenge. This method is intended for use on purely autotrophic samples, such as 
cleaned seagrass leaves or macroalgal thalli. Nevertheless, it is commonly used to 
measure phytoplankton productivity in water samples that may contain bacteria and 
zoopiankton in addition to the algae, in which case the measured rates are for the 
plankton community. It can also be used to measure primary productivity in periphyton 
community samples. As discussed in the methods section, applying the light and dark 
bottle method on mixed samples becomes problematic because the autotrophic (i.e., 
photosynthetic) biomass cannot be separated from the heterotrophic biomass. In the dark 
bottle, the decrease in dissolved oxygen (D.O.) is due to heterotrophic respiration as well 
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as respiration by algae. Therefore, the dark bottle is a measure of community respiration 
and not algal respiration alone. In the light bottle, both photosynthesis and community 
respiration are occurring; therefore, the change in D.O. is not actually a measure of net 
photosynthesis, which should represent the amount of oxygen produced in excess of algal 
respiration only. Instead, the increase or decrease in D.O. in the light represents the 
primary production surplus or deficit after the cost of community respiration. Therefore, 
the light/dark bottle method measurements were actually the rate of community net 
production ( defined as the net rate of autotrophic production under the influence of 
community respiration) and not net primary production that is only influenced by 
autotrophic respiration. 
Marine periphyton has a large heterotrophic fraction which can cause the D.O. in 
the bottles to reach zero very quickly, sometimes in less than an hour. This makes 
choosing the length of time for the incubation difficult. The light incubation period is 
typically half as long as the dark incubation period, but with a sample having more 
heterotrophic than photosynthetic biomass it may be necessary to allow the light 
incubation to run longer. If the light incubation is too short, there may not be enough time 
for photosynthesis to compensate for removal of D.O. by respiration. However, if 
respiration exceeds photosynthesis and the light incubation is too long, the D.O. may 
reach zero before the final measurement. If the rate of photosynthesis is calculated from 
some time point after the D.O. reached zero, the time at which it reached zero will be 
unknown. Therefore, the slope will be incorrect and the calculated rate will also be 
incorrect (too slow). Ideally, the change in D.O. during the incubations should be 
measured continuously to get an accurate rate of change over time. However, this is 
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impractical for a large sample size (n = 70) as it would require a separate sensor for each 
bottle. 
Settlement Plates 
Another solution to the problem of high heterotrophic biomass might be to 
shorten the settlement plate soaking time. The artificial installations deployed were 
allowed to soak for four weeks. At the end of the deployment period, almost all the fall 
plates from all four reefs were completely carpeted by bryozoans, as were the summer 
plates although not as heavily. This caused problems for both the measurement of D.O. 
and filtration of samples for biomass and chlorophyll analysis. Novel substrates in 
seawater are initially colonized by a bacterial film, followed by microalgae, then 
macroalgae (if present), and eventually invertebrates (Hoagland et al. 1986). This 
pattern, although very broad, of marine periphyton development could be a justification 
for shortening the settlement plate soaking period since the algal biomass is the primary 
interest for determining net production. Retrieving the arrays during the peak of algal 
colonization and before they are out-competed by the settling sessile invertebrates (e.g., 
bryozoans) might ameliorate the problems with sample processing and analysis 
mentioned above. 
Immersion times are somewhat variable in the literature and appear to be 
dependent on the deployment season and the surface area of the substrate. In a study on 
freshwater periphyton community structure, Hoagland et al. (1982) used standard glass 
microscope slides and 50 cm2 plexiglass tabs to examine the colonization and succession 
of periphyton. The artificial substrates were collected every week for 1-7 weeks during 
the fall, winter, spring, and summer.- He found that settlement was slow during the first 
92 
two weeks of the spring and fall but increased thereafter, while settlement in the winter 
was low throughout that season, and summer settlement occurred quicker than any other 
season and had the highest densities. Nayar et al. (2005) conducted a study on periphytic 
algal settlement where glass microscope slides were randomly collected every day for 
five days from multi-level rafts constructed to hold the slides at different depths in the 
water column. He found that settlement was greatest on slides located at 1 m depth, 
compared to those placed at the surface, 2 m, and 3 m depths, and observed significant 
increases in settlement after the third day. These studies had relatively short soaking 
times but utilized settlement plates that were significantly smaller than those used in the 
current study; therefore, less time was required for sufficient colonization to occur. 
Richard et al. (2009) suggests periphyton should be allowed to colonize the artificial 
substrate for at least four weeks before it is used as a food source in fish aquaculture 
tanks; however, the substrate surface area was about 700 cm2, much larger than the 104 
cm
2 plates used in this study. Employing settlement plates with a smaller surface area 
might also be a solution to the problem of excessive heterotrophic biomass on the 
settlement plates. 
Many of the settlement plate net productivity (P n) values measured in this study 
were negative, indicating that the samples were net heterotrophic. When averaged over 
all reefs and depths, net productivity on settlement plates was negative in the summer and 
spring but positive in the fall. The analysis on the low relief reef settlement plates, which 
included the winter sample, showed that Pn, averaged over both reefs and all depths, was 
positive in both the fall and winter. Since the data show that reefs located further from 
shore (HRRs) have significantly greater net productivity than LRRs, it may be assumed 
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that if winter data had been collected at the HRRs, these might have also experienced 
positive net production rates. Increased net production rates during the fall and winter 
may be attributed to the lower light attenuation coefficients measured during this time of 
year. Light attenuation is generally greatest during warmer months as a result of 
increased sediment resuspension due to the intensification of winds and currents during 
this time of year, as well as increased riverine freshwater input owing to the higher 
frequency of storm events. Generally, phytoplankton biomass is greater during warmer 
months and is another source of increased light attenuation during this time of year. 
The peak mean chi-a values found on the settlement plates in the fall are 
consistent with the high rate of mean net productivity observed during this season. 
However, when only the LRRs were examined (with inclusion of the winter sample) 
winter chi-a values were comparatively low, having values similar to summer and spring, 
although mean Pn in the winter was almost as great as fall rates. This may imply that algal 
cells were more efficient during the winter, having similar rates of net productivity seen 
in the fall but comparatively lower chi-a content. Generally, algae respond to decreasing 
light intensity by increasing their pigment content (Kirk 2010); however, the Kd values 
measured in this study were equally low in the fall and winter but chi-a levels were 
significantly lower in the winter. Solar irradiance is lower in the winter due to shorter 
days and a lower solar elevation angle, suggesting that more light was available in the fall 
when solar irradiance was greater and water clarity was equally good compared to winter. 
Therefore, it would be expected that chi-a concentrations per cell would be greater in 
winter, rather than the fall , to compensate for the lower light availability, but this was not 
the case on the settlement plates. 
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The driving factor behind the higher settlement plate net productivity at HRRs 
compared to LRRs was difficult to determine. Turbidity is generally lower further from 
shore, but Kd values suggest that there is no difference in turbidity between the HRRs 
located further from shore compared to those closer to shore at the LRRs. However, only 
two to three light profiles per reef were taken in a given season and the sample size may 
simply be too small to resolve any difference in turbidity due to distance from shore 
given that suspended particulate matter in the water column can vary substantially in 
short periods of time. Furthermore, although nutrients might be expected to be lower at 
the HRRs because they are further from any terrestrial sources, it is unlikely that they are 
far enough away to experience significantly different concentrations than the LRRs. In 
fact, Wilking (unpublished) found no differences in water column nutrient concentration 
between HRRs and LRRs. On the contrary, the HR reefs possibly have an additional 
source of inorganic and organic nutrients from pelicans and other birds, which perch on 
the reefs and defecate into the surrounding water. However, this additional source of 
nutrient input from bird guano may be subject to rapid biological up-take or dispersal by 
tidal mixing, making it difficult to measure. Furthermore, a large percentage of bird feces 
is composed of insoluble organic compounds, which are not immediately available for 
photosynthesis. These organic nutrients may either be deposited and remineralized in the 
sediment and eventually mixed back into the water column or transported away from the 
reefs via currents. 
An experiment by Palomo et al. (1999) in the Mar Chiquita coastal lagoon of 
Argentina found that the addition of guano to bird free areas did not result in significant 
increases is sediment nutrient concentration, but did appear to increase the abundance of 
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several benthic species. However, Powell et al. (1989) reported an average loading rate of 
0.052 gN and 0.009 gP m-2 dai1 from experimental seabird roosts in Florida Bay and 
found that porewater P04 and NH4 concentrations were greater at enriched plots 
compared to controls. In that study, P04 in the surface water was undetectable while NH3 
in surface waters averaged 35.3 ± 9.0 µM. The study also determined that nutrient 
enrichment from seabird guano increased production and standing crop of Thalassia 
testudinum and Halodule wrightii in Florida Bay. 
Although the cause of higher P n at the HRRs could not be determined for certain, 
it is possible that the combination of nutrient supply by birds and potentially clearer water 
further from shore are fueling the higher net production rates measured on settlement 
plates deployed around high relief reefs. More robust sampling, including water column 
and tissue nutrient analysis as well as a more complete irradiance dataset, is required to 
determine if true difference in net primary productivity exist between high and low relief 
reefs due to differing light and nutrient conditions. 
Phytoplankton 
Unlike the settlement plate net productivity measurements, all the water column 
Pn values were positive and ranged from a low of 357.2 mg 0 2 hr-1 m-3 in the winter to a 
high of 720 mg 0 2 hr-1 m-3 in the summer. However, the .one-way ANOVA showed that 
summer was not significantly different from fall or spring, but did indicate that the winter 
was significantly lower than any other season. The seasonal phytoplankton productivity 
patterns observed in this study were consistent with those observed in subtropical coastal 
waters (latitudes 25 - 35 degrees) where decreased irradiance and lowered temperatures 
in the winter resulted in lower productivity, which then increased during the warmer 
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months with the onset of increased irradiance and nutrient availability (Kirk 2010). 
Similar seasonal productivity trends were reported by Moncreiff et al. (1992) for 
phytoplankton in waters around Hom Island in the Mississippi Sound. Unfortunately, 
Moncreiff et al. ( 1992), as well as the majority of the literature, report productivity 
estimates standardized to area (m2), unlike this study in which values are reported per unit 
volume (m3), making it difficult to directly compare the findings from this study to those 
of others. 
Seasonal water column net productivity showed an inverse pattern to benthic Pn, 
which experienced significantly greater rates of net productivity in the fall and winter 
compared to the spring and summer. However, in the fall both water column and benthic 
net productivity were high. In the winter, less phytoplankton biomass results in increased 
water clarity leading to greater light availability for benthic algae, while in the spring and 
summer, the increase in phytoplankton biomass shades the benthic algae. This 
competition for light may partially explain the inverse seasonal pattern between benthic 
and water column productivity observed in this study (Havens et al. 2001). 
Competition for nutrients between benthic and water column algae may also play 
a role in the temporal relationship observed between these two groups in this study. 
During the spring and summer months, when nutrient availability is thought to increase, 
phytoplankton production and biomass in the Sound increased while benthic production 
decreased. Fewer nutrients are generally available in the winter, which may have caused 
phytoplankton populations to decline improving light availability for benthic algae. In 
addition, the lower nutrient requirements of benthic macroalgae compared to 
phytoplankton allows them to thrive in the winter (Sand-Jensen and Borum 1991). The 
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images taken of the settlement plates during the study showed that the phycoperiphyton 
growth forms differed among seasons with winter and fall settlement plates having more 
filamentous macroalgae compared to other seasons. However, there is insufficient 
nutrient data for the Sound to draw any solid conclusions on the effects of nutrients on 
the phototrophic community structure. 
Sand-Jensen and Borum (1991) developed a model to describe the relationship 
between phytoplankton, benthic algae, and vascular plant biomass as a function of 
nutrient and light availability. According to their model, oligotrophic coastal waters are 
dominated by benthic algae and seagrasses as these rooted macrophytes are able to 
exploit sediment nutrients. Coastal waters with high nutrient concentrations, on the other 
hand, are generally dominated by phytoplankton, which occur in high abundance due to 
their rapid nutrient uptake and growth rates. Depletion of water column nutrients and 
shading by the phytoplankton results in low benthic algal biomass. This model, however, 
does not apply to the Mississippi Sound due to the poor water clarity caused by 
continuous resuspension of the soft sediments rather than high nutrient loading. The 
Sound is characterized as oligotrophic and would, according to Sand-Jensen and Borum's 
model, be expected to have greater benthic primary production and biomass compared to 
the water column. However, seaweeds and seagrasses are sparse in the Sound and are 
mostly restricted to waters near the barrier islands, and epilithic algae occur only in the 
few areas where hard substrate is available, such as the artificial reefs. The findings of 
this study suggest the phototrophic community structure of the Sound is more like what 
would be expected for a eutrophic system where primary production is dominated by 
phytoplankton. Estimates of phytoplankton biomass in Tapong Bay, a tropical eutrophic 
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estuary in Taiwan, were similar to those found around the artificial reefs in Mississippi 
Sound with average chi-a concentrations ranging from 2.4 - 8.4 mg m-3 (Su et al. 2004). 
In the present study, average chi-a concentrations in the water column 
surrounding the four reefs ranged from 1.5 - 8.6 mg m-3. These values are comparable to 
other Northern Gulf of Mexico estuaries, such as Pensacola Bay where Murrell et al. 
(2002) reported concentrations ranging from 4.3 - 8.7 µg r1 in Lower Bay with highest 
concentrations occurring in the spring and summer. MacIntyre and Cullen ( 1996) 
reported chi-a concentrations ranging from 4 - 48 mg m-3 in the shallow, turbid waters of 
San Antonio Bay, Texas. 
As on the settlement plates, peak water column chl-a concentrations were 
observed in the fall ; however, they were not significantly greater than summer or spring, 
and the minimum concentration occurred in the winter. The seasonal trend in water 
column chi-a concentration followed typical seasonal phytoplankton growth patterns for 
the geographic region and was consistent with seasonal water column net productivity. 
Putland and Iverson (2007) found that average chl-a concentration in Apalachicola Bay in 
the northern Gulf of Mexico was higher during the summer compared to the winter. 
Phytoplankton Pn and chi-a did not differ significantly among the four reefs 
suggesting that the physio-chemical factors which influence phytoplankton populations, 
such as tidal mixing, riverine input, and the depth of the mixed layer, do not exhibit large 
longitudinal variability within the Sound. This also suggests that conditions in the Sound 
are fairly stable with distance from shore, at least up to 3.8 km from shore (i.e., the 
distance of the furthest reef). However, because phytoplankton samples at each reef were 
only collected once in a given season, the results only provide a snapshot of the 
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phytoplankton population and do not accurately portray spatial or seasonal dynamics. 
More robust sampling must be conducted to understand spatio-temporal patterns in water 
column net productivity and chi-a, which was regrettably not feasible during this study 
due to time and resource limitations. 
Reef Production Estimates and Trophic Linkages 
The annual net benthic production estimates were negative for all reefs indicating 
that production of organic carbon by the phycoperiphyton on the reefs is not sufficient to 
support the demands of the reef food web. However, the large annual net water column 
production estimates far outweigh the negative benthic estimates resulting in positive 
annual net reef habitat estimates. This suggests that phytoplankton production in the 
waters overlying the reef is a major source of primary production to the reef habitat. 
Although all reefs were found to be net heterotrophic, HRRs had greater annual benthic 
n~t production per unit area than LRRs as expected. This can be attributed to the fact that 
HRRs provide attachment surfaces higher up in the water column where more light is 
available for photosynthesis. However, due to the high turbidity in the Sound, algae 
account for only a small percentage of the biofouling community present on the reefs 
and, as the settlement plate bottle incubations showed, likely do not contribute sufficient 
primary production to support the reef food web. 
It seems more likely that the reef food web is supported by secondary production 
in the form of sessile filter-feeding invertebrates that dominate the reef. Although natural 
oyster reefs of Crassostrea virginica (Eastern Oyster) were once abundant in the northern 
Gulf of Mexico, over-harvesting and dredging has caused considerable declines in the 
population (Kirby 2004, Plutchak et al. 2010). The oyster reefs themselves probably 
100 
provided the most attractive settlement sites for oyster larvae, given the lack of other 
natural hard substrata in the Sound, thereby perpetuating the decline of the C. virginica. 
The deployment of artificial reefs in the Mississippi Sound has likely enhanced the 
abundance of these organisms by providing otherwise limiting substrata for their larvae to 
settle, although no quantitative studies have been conducted to determine the impact of 
artificial reefs on the C. virginica population in the Sound. Oysters and other sessile 
filter-feeders are important components of the marine food web as they consume 
phytoplankton and particulate organic matter from the water column and, thus, promote 
trophic transfer to the reef by making this energy available to higher order consumers 
(Nakamura and Kerciku 2000). Artificial reefs in the Sound provide settlement surfaces 
for these invertebrates in an otherwise soft-bottom environment and are rapidly colonized 
by dense aggregations suggesting that reefs do in fact offer additional food resources to 
fishes visiting the reefs. 
The results of this study indicate that phytoplankton in the water column 
overlying the reefs are highly productive and are likely a major source of organic carbon 
to the reef food web through filter feeders. However, detritus from nearby salt marsh 
plants or seagrass beds may also contribute significantly to sustaining secondary 
production on the reefs. According to Mann (1988), detrital food webs in the marine 
environment account for more energy flow between trophic levels than do grazer food 
webs. The artificial reefs in Mississippi Sound are relatively close to shore and detritus 
from the coastal marshes could easily reach the reefs. The unresolved question is whether 
the secondary producers are using phytoplankton or plant detritus as their primary source 
of nutrition. If the reef food web is plankton-based, that would indicate that the reefs are 
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not only providing shelter but also food in the form of phytoplankton. Artificial reefs 
change the topography of the Sound and, therefore, affect current flows, which can 
concentrate phytoplankton in the vicinity of the reef (Lobban and Harrison 1994, p.241 ). 
Alternatively, the reef food web may be primarily detritus-based, suggesting that the reefs 
are not providing additional sources of food and are more important as a source of 
shelter. It is also possible that mobile secondary producers swim between the reefs and 
the marsh linking the two systems. 
Stable isotope studies are necessary to quantitatively confirm which carbon 
source, benthic, plank.tonic, or terrestrial, is more significant for reef trophodynamics. By 
comparing carbon isotope signatures from reef/settlement plate periphyton, 
phytoplankton, and marsh detritus samples to those from the gut content of invertebrates 
and fish from the reef, it would be possible to determine if the carbon source is local or 
external; and if it is external, whether it is primarily marine (phytoplankton) or terrestrial 
(marsh plants). Studies on primary production and food web structure on artificial reefs 
are lacking, making it difficult to fully understand how these ecosystems function and 
if/how they contribute to new target fish biomass. 
Although adjacent coastal salt marshes and seagrass beds near the barrier islands 
provide important fish habitat, the open water between to the islands and the coast is 
characterized by flat, muddy sediments devoid of structure. The absence of structure 
makes consumers vulnerable to predation while foraging in this open area. Artificial reefs 
provide some protection during foraging, and although food may not be limiting in the 
Sound, a productive reef will offer double the benefit since fish can eat and still be 
protected rather than having to swim away from the reefs to feed. Fish that may be 
. 
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initially attracted to the reef due to behavioral preference will find the necessary trophic 
resources they require for growth and reproduction, as well as new refuge from predators 
(Figure 29). 
HRR LRR 
b) 
• 
Figure 29. Simplified conceptual diagram of primary production and trophic transfer at 
HRRs (a) and LRRs (b). Green arrows indicate incorporation of phytoplankton primary 
production into the reef food-web by benthic filter feeders. 
The Attraction versus Production Debate revisited 
The intention of this study was not to attempt to provide an answer to the 
production versus attraction question, but rather to describe and estimate potential net 
autotrophic production associated with artificial reefs in the Sound. The study provides 
information that will be useful to researchers and fisheries managers investigating the 
effects of these reefs on populations of economically and recreationally important fish 
species. Nonetheless, some assumptions can be made based on the findings of this study 
regarding the function of Mississippi Sound artificial reefs as either fish aggregating 
devices or as critical habitat which provides food and shelter and thereby enhances 
fisheries production. 
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Artificial reefs in the Sound do not appear to augment benthic primary production 
in any considerable way; however, the hard substrata provided by these structures offer 
settlement sites, which are naturally limiting in the Sound, for larvae of various benthic 
invertebrate species. Observations during this study indicate that the artificial reefs 
augment secondary production of habitat-limited, sessile filter-feeding invertebrates. 
These organisms act as a trophic link between phytoplankton production and higher-level 
consumers, such as the target fish species with which artificial reef construction is 
concerned. Although food does not appear to be limiting, artificial reefs are able to 
concentrate a variety of prey items for fishes, thus potentially increasing feeding 
efficiency. In addition, artificial reefs provide shelter, which can be considered a limiting 
resource in the interior of the Sound. Shelter is probably not limiting along the periphery 
of the Sound where seagrass beds bordering the barrier islands and salt marshes near the 
mainland provide essential habitat for many important marine organisms. Based on these 
observations, artificial reefs in the Mississippi Sound have the potential to increase 
fisheries production, but more detailed studies are needed to determine which scenario, 
attraction, production, or a combination of the two, best characterizes these reefs. 
Conclusions 
In conclusion, the results of this study suggest that artificial reefs in the 
Mississippi Sound do not substantially increase benthic primary production as a result of 
the poor water clarity. However, because these structures offer refuge in an otherwise 
barren, mud sediment landscape, they may still be beneficial to the enhancement of fish 
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stocks. Furthermore, primary production in the water column appears to be sufficient to 
support a diversity of prey items on which higher level consumers can subsist. Although 
food is likely not a limiting factor for target fish species, they will find a forage base 
during their visits to the reefs. The mechanism(s) by which artificial reefs can enhance 
fish stocks is difficult to tease apart, especially for fishes with wide foraging ranges. The 
assessment of fish biomass enhancement as a result of artificial reef deployment must be 
considered at the species level and include food web and behavioral studies to determine 
what a particular species is feeding on, what the primary carbon sources are ( e.g., 
phytoplankton, benthic algae on the reef, or terrestrial plant detritus), and where that 
species spends most of its time foraging and reproducing. 
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APPENDIX A 
Summary of collection dates and number of samples taken at each reef during the four 
seasons 
Reef Plates Water Samples Light Temperature and Salinity Depth Profiles Data 
Summer KAT n = 10 Chi = 5 s 3 USGS 
n=lO (Gulfport Light) 
Deploy: Bio= 5 
7/ 28/ 11 
HAND n=9 Chi = 5 s 4 USGS 
Pickup (HAND, USM): n=lO (Merrill Shell Bank light) 
8/ 17/ 11 Bio=4 
Pickup (KAT, LEG): LEG n = 10 Chi = 5 s 3 USGS 
8/19/ 11 n=lO (Gulfport Light) 
Bio= 5 
Water sample colledion: 
9/ 6/ 11 USM n=9 Chi = 4 s 4 USGS 
n=lO (Merrill Shell Bank Light) 
Bio= 5 
Fall KAT n=S Chi = 4 Sand B 2 Hydrolab 
n=10 
Deploy: Bio=4 
10/14/11 
HAND n=8 Chi =4 Sand B 2 Hydrolab 
Pickup (HAND, USM): n=lO 
11/ 8/ 11 Bio=4 
Pickup (KAT, LEG): LEG n = 10 Chi = 5 Sand B 2 Hydrolab 
11/ 11/ 11 n=lO 
Bio= 5 
Water sample collection: 
10/25/11 USM n=9 Chi = S Sand B 2 Hydrolab 
n=lO 
Bio=4 
Winter KAT n=O Chl =O Sand B 2 USGS 
n=lO (Gulfport light) 
Deploy: Bio= O 
1/ 27/ 12 
HAND n=O Chl = O Sand B 2 USGS 
Pickup (HANO, USM): n=lO (Merrill Shell Bank Light) 
2/28/ 12 Bio=O 
Pickup (KAT, LEG): LEG n=9 Chi = 5 Sand B 2 Hydrolab 
3/ 9/ 12 n=lO 
Bio;4 
Water sample collection: 
2/10/ 12 USM n = 10 Chi = 5 Sand B 2 Hydrolab 
n=lO 
Bio= 5 
Spring KAT n=9 Chi =5 s Secchi depth Hydrolab 
n=lO 
Deploy: Bio = 4 
4/ 12/12 
HAND n=7 Chl = 4 s Secchi depth USGS 
Pickup (HAND, USM): n=lO (Merrill Shell Bank Light) 
5/8/12 Bio= 3 
Pickup (KAT, LEG): LEG n = 9 Chi= 5 s Secchi depth USGS 
5/14/ 12 n=lO (Gulfport Light) 
Bio= 4 
Water sample collection: 
4/27/ 12 USM n=7 Chi =4 s Secchi depth Hydrolab 
n=lO 
Bio= 3 
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APPENDIXB 
Light attenuation coefficients (Kd) for each reef during each sampling season. 
I 
Summer Fall Winter Spring 
Date, Time Kd Date, Tim~ Kd Date, Time Kd Date, Time Kd 
7/28/2011, 13:30 1.21 l0/!4i20ll, 11:11 1.39 li27/2012, 16:00 2.33 4/1012012 1.7 
Kat 8/9/2011, 10:00 2.23 11/1112011, 9:32 0.90 
8/19/2011, 11:49 1.68 
7128/2011, 8:30 1.63 10!14.12011, 16:15 1.00 1/27/2012, 10:25 1.28 419/2012 2.1 
8/10/2011, 12:35 2.07 ll/8/2011 , 10:12 0.97 2/10i2012, 10:59 0.56 
Hand 
8/15/2011. 9:30 1.56 
8il7/2011, 11:26 1.29 
7/28/11 , 11 :30 0.93 10/14,1011, 13:07 0.99 li27/2012, 13:30 1.20 4/10/2012 1.9 
Leg 819/2011, 15:43 l.92 lliJJ/2011, 11 :42 0.82 2/10/2012, 13:23 0.65 
i 8il9/2011 , 9:44 150 319/2012, 10:53 l.98 
7128i2011, 9:30 1.15 10/1412011, 14:26 1.09 1i27i2012, 12:JO 0.73 4i9t2012 21 
Si!0/2011, 15:20 l.62 lll&'20ll, 12:51 1:07 2/10i2012, 12:41 0.31 
USM 
&ii 512011 , 12:40 1.57 2128/20 12, 12:41 059 
8117/2011, 13:34 0.87 
Seasonal 
1.52 ± 0.11 1.03 ± 0.06 0.96 ± 0.23 1.9 ± 0.08 Mean 
July 28, 11 Array Drop-off 
~ 
~g 
(/) 
g. ;: 
C 
~ ~ Array Pick·up 3 Aug 17, ll 
3 't! Hand+ USM 
!!? t'.: ~ 
"' lj ~ Array PiCk·UP Aug 19, 11 
Kat+ Leg 
Sept 6, 11 r Watersamples 
collection 
Oct 14, 11 Array Drop-off 
Oct 25, 11 Water samples 
.,, Nf collection ~ 
~ j; ..., ~ 
Nov8, ll .. Array Pick-up §' 
~~ Hand + USM (1) I 
2-=-
-
':i ~ s· >--
Novll,11 
.. Array Pick··UP (1) >-o 
Kat+ Leg 0 >-o 
...., ~ Jan 27, 12 Array Drop-off {/) 3 tj ...... 
Feb 10, 12 
=rr·"··- "E.. >< :E collect1on s· (') ;;· ()Q '" -~ i 0.. ;;; Feb 28, 12 Array Pick-up ~ ..... 
'(l Hand+ USM (1) 
e ~-
{/) 
!f 
Mar9,12 r··~'"· .. Kat+ Leg 
Apr 12, 12 Array Drop-off 
en Apr 27, 12 x--~ ~ collect1on 5· co 
-
"' 
, 
5:1 ~ 
"' 
May 8, 12 Array Pick-up 
<..J f Hand+ USM 
.,., , . 
t3 
May 14, 12 , • ~ I Array Pick-up 
Kat+ Leg ...... 0 
-....J 
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APPENDIXD 
Summary of settlement plate incubation times 
Summer2011 Fall2011 Winter2012 Spring 201 2 
H1nd +USM Kat+ Les Hood +USM Kat + l.og USM Lea Kond + USM (1,4,8,9} Kot +Lea+ USM (5,6,7} 
8/17/11 8/19/ 11 11/08/ 11 11/ 11/11 2/28/12 3/ 9/12 S/8/12 5/ 14/ 12 
5:15pm 9:00pm 4:25pm 8:00pm 6:40pm 9:50pm 6:lOpm 9:15pm 8:S7am l l :30.im 8:10pm 10:00pm 5:30pm 7:45pm 8:20pm 9:50pm 7:50pm 12:00pm 6:15pm 2:00am 8:40pm 11:50pm 7:55pm 11:40pm 11:()().)m 2:10pm 9:oopm 10:50pm 1:00pm 9:4Sppm 9:00pm 10:00pm 
2.61us 3hrs 2hr, &hrs 2hr, 2hr, 1.Bhrs 2.4hrs 2hr, 2.7hr, 0.8hrs 0.8hrs l.Shrs l hr, 0 .7hr, O.lhrs 
0 11rk; light Dark Light [},c1,1k Light Dark Light Dark LieJ,t Light Dar~ D>:k light light Datt 
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APPENDIXE 
Summary table of mean± s.e. settlement plate R, Pn, Pg, chl-a, B org, and A.I. on S, M, B, 
and BB plates in summer 20 11 . 
Mean± SE K.\T BAND LEG USM (n=lO) (n=9) (n=lO) (n=9) 
R 110.9 ± 8.7 124.l ± 11 .9 198.4 ± 172 147.2 ± 10.5 (mg~r/m2) 
Pu 
-54.5 ± 6.5 -3.7 ±2U -37.2 ± 4.8 -53.8 ± 14.2 (mg0~/hr/m2) 
Pg 56.4 ± 11.9 121.7 ± 26.1 161.2 ± 21.8 96.3 ± 20.3 (mg0/hrfm2) 
s 
Chia 8.9 ± 4.3 II.I ± 3.3 4.0 ± 1.7 6. 1 ± 1.2 (mg!m2) 
Org. Bio. 18.0 ± 3.3 29.1 ± 8.1 28.9 ± 3.7 33.9 ± 4.7 (ghn') 
A.I. 2025 2612 7212 5551 
R 140.5 ± 14.5 126.6 ± 9.8 126.0 ± 34.2 94.8 ± 11.2 (mgOi111r/111') 
Pn 
-50.8 ± 7.0 -45.6 ± 16.1 -57.0 ± 10.4 -132.7 ± 15.9 {mg~/m2) 
Pg 94.3 ± 17.0 85.0 ± 20.8 96.6 ± 25.0 18.5 ±8.4 (mg0~rlm2) 
M 
Chia 4.8 ± 1.6 7.3 ±1.6 3.1 ± L3 2.6 ± 1.2 (mg!m2) 
Org. Bio. 30.5 ± 3.5 18.8 ± 4.8 29.9 ± 3.8 20.3 ± 3.5 (g!m2) 
A.I. 6361 2582 9639 7811 
R 89.1 ± 9.5 142.8 ± 12.6 1441 ± 20.1 88.7 ± 8.3 (mg02.lhr/m') 
Pn 
-65.8 ± 4.5 -61.3 ± 16.9 -56.2 ± 7.0 -147.3 ± 8.7 (mgO/ hr/111') 
Pg 29.1 ± 10.9 89.6 ± 25.0 88.0 ± 26.7 0.0 ± 0.0 {nig0~/m2) 
n 
Chia 5.5 ± 1.4 7.9 ± 1.9 2.1 ± 0.4 1.9 ± 0.5 (mg/m2) 
Org. Bio. 26.5 ± 6.5 16.l ± 1.7 23.7 ± 2. 1 14.8 ± 21 (g/m2) 
A.I. 4849 2041 \1466 7752 
R 70.7 ± 8.6 107.0 ± 9.8 (mgOi11m'm2) 
Pn 
-93.2 ± 5.5 -178.4 ± 20.5 (mgO~,'hr/m') 
Pg 8.3 ± 6.3 12.6 ± 8.4 (mgO/ hr/m~) BB 
Chia 1.7 ± 0.5 2.0 ± 0.4 (mg/m'.!) 
Org. Bio. 21.4 ± 3.4 29.7 ± 9.7 (g!m2) 
A.I. 12462 14544 
I 
I 
I 
I 
I 
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Summary table of mean± s.e. settlement plate R, Pn, Pg, chl-a, Borg, and A.I. on S, M, B, 
and BB plates in fall 2011. 
Mean± SE KAT HAND LEG USM (n=8) (n=8) (n=lO) (n=9) 
R 153.5 ± 9.5 91.1 ± 6.7 114.3 ± 14.9 95.2 ± .14.8 (mg0/ luim2) 
Pn 77.7 ± 28.3 80.5 ± 17.5 149.1 ± 31.0 -38.0 ± 17.3 (mg.Oiflu.'m2) 
Pg 23 1.2 ± 29.8 171.7 ± 20.3 263.4 ± 43.9 65.3 ± 201 
s 
(mg0:/hr!m2) 
Chia 7.8 ± 3.6 6.4 ± 1.6 23.9 ± 9.3 3.9 ± 2.4 (mg/m2) 
Org. Bio. 54.5 ± 18.0 16.4 ± 2.1 122.4 ± 11.3 20.5 ± 13.3 (g/1112) 
A.I. 7030 2554 5125 5184 
R 149.5 ± 18.8 94.l ± 9.I 146.8 ± 7.9 108.4 ± 7.3 (mg0 2ihr!m2) 
Pn 56.6 ± 18.2 90 ±25.0 86.4 ± 21.8 -1 1.5 ± 22.8 (mg0 21hr/m2) 
Pg 206.l ± 33.8 188.7 ± 27.6 233.2 ± 21.9 97.0 ± 22.5 
M 
(mg~hr/m1) 
Chia 10.5 ± 2.8 5.5 ± 1.3 17.7± 3.8 6.9 ± 1.5 (mg/m2) 
Org. Bio. 14.6 ± 0.8 15.4 ± 2.1 144.9 ± 53.7 57.1 ± 17.7 (g/1112) 
AL 1381 2777 8167 8233 
R 147.0 ± 20.6 96.7 ± 5.0 1434 ± 11.9 107.9 ± 18.4 (mg~hr/m2) 
Pn 10.1 ± 18.5 23.7 ± 22.1 -21.5 ± 6.1 -42.6 ± 13.7 (mg~hr/m2) 
Pg 157. l ±32.5 120.3 ± 25.1 121.9 ± 14. J 69.8 ± 20.l 
B 
(mg0i h r/m2) 
Chla 8.9 ± 2.8 6.4 ± 0.5 7.5 ± 2.3 2.7 ± 0.8 (mgim2) 
Org. Bio. 26.1 ± 12.0 25.5 ± 6.0 78.0 ± 11.6 22.9 ± 8.0 (g/m2) 
A.I. 2944 3964 10449 8478 
R 78.6 ± 9.3 82.6 ± 5.0 (mg().z1hr/m2) 
Pn 
-25.8 ± 4.3 63.4 ± 16.9 (mg02r1u/m2) 
Pg 52.8 ± 7.8 145.9 ± 21.4 
BB (mg0.ifhr/m
2) 
Chi a 3.5 ± 1.0 15.6 ± 1.7 (mgim2) 
Org. Bio. 10.0 ± 4.2 21.3 ± 3.3 (g/m2) 
A.I. 2845 1364 
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APPENDIXG 
Summary table of mean± s.e. settlement plate R, Pn, Pg, chl-a, B org, and A.I. on S, M, B, 
and BB plates in winter 2012. 
Mean ± SE KAT IIA!'ID LEG USM (n=O) (n=O) (n=9) (n=l O) 
R 244.0 ± 42.2 76.1 ± 2.9 (mg0/ hr/m2) 
Pn 291.0 ± 52.7 13.0 ± 6.8 (mg0 zibr!m2) 
Pg 535.1 ± 47.4 89.l ± 7.7 (mg0 t 'hrlm2) 
s 
Chia 3.5 ± 0.6 2.6 ± 0.5 (mg,'m:) 
Org. Bio. 21.6 ± 4.0 8.8 ± 1.2 (g/m2) 
A.I. 6122 3350 
R 336.8 ± 30.8 90.6 ± 4.1 (mg0thrlm2) 
Pn 16.5 ± 51.0 4.0 ± 13.6 (mg0Ilhr/m2) 
Pg 353.3 ± 38.9 94.6±15.7 
M 
(mg0/ hrim2) 
Chla 3.5 ± 0.8 3.7 ± 0.6 (mgim2) 
Org. Bio. 23.7 ± 5.0 12.6 ± 1.2 (g,'m2) 
AI. 6781 3403 
R 261.3 ± 73.9 100.8 ± 4.8 (mg0ifhr!m2) 
Pn 
-213.5 ± 42.5 -37.3 ± 6.3 (mg0 211r/m:) 
Pg 170.4 ± 60.0 63.5 ± 8.7 
B (mg021hr/m2) 
Chia 3.8 ± 0.8 4.0 ± 0.7 (mg/m2) 
Org. Bio. 28.3 ± 3.7 12.6 ± 0.7 (glml) 
A.I. 7388 3355 
R 
(mg0/ hr/m2) 
Pn 
(mg0 / hr/m2) 
Pg 
BB (mgOi1'hrfm:) 
Chi a 
(mg,'1112) 
Org.Bio. 
(g/m2) 
A.I. 
112 
APPENDIXH 
Summary table of mean± s.e. settlement plate R, Pn, Pg, chi-a, Borg, and A.I. on S, M, B, 
and BB plates in spring 2012. 
Mean ± SE KAT HA.1"1D LEG USM (n=9) (n=7) (n=9) (n=7) 
R 1652.3 ± 462.6 94.5 ± 7.4 393.5 ± 197.1 280.7 ± 81.6 (mg0z!hr/m2) 
Pn 220.7 ± 104.4 66.9 ± 32.5 -366.8 ± 59.8 -239.6 ± 92.9 (mg0 '.!'hr/m2) 
Pg 1877.6 ± 536.8 161.3 ± 38.5 268.1 ± 175.8 127.2 ± 35.3 (mg0 '.!''hrim2) 
s 
Chi a 11.6 ± 3.7 2.2 ± 1.0 4.2 ± 0.7 2.9 ± 0.6 (mgim1) 
Org. Bio. 93.2 ± 11 .7 6.9 ± 3.3 94.3 ± 10.5 55.5 ± 18.0 (gim2) 
A.I. 8034 3065 22605 19196 
R 1148.4 ± 124.9 95.7 ± 9.0 46.4 ± 13.4 147.5 ± 49.5 (mg0 zlhrim2) 
Pn 
-69.8 ± 28.1 41.2 ± 34.0 -455.9 ± 44.8 -183.3 ± 78.6 (mg0 zihrim2) 
Pg 1078.5 ± 124.l 136.8 ± 41.6 0.0 ± 0.0 116.0 ± 42.4 (mg0zlhrim2) 
M 
Chl a 9.0 ± 1.5 2.0 ± 0.8 5.0 ± 2.1 4.2 ± 0.5 (mg/1112) 
Org. Bio. 29.7 ± 9.4 11.8 ± 6.3 43.0 ± 12.4 81.6 ± 4.2 (g!ml) 
A L 3290 6024 8541 19665 
R 934.6 ± 135.7 148.0 ± 12.7 83.7 ± 35.4 232.2 ± 59.3 (mg0zlhrim2) 
Pn 
-166.5 ± 50.7 -18.5 ± 18.2 -415.4 ± 46.3 -183.8 ± 105.6 (mg0 t hrfm2) 
Pg 778.6 ± 173.4 129.5 ± 22.9 0.0 ± 0.0 146.4 ± 52.6 (mg0firrim2) B 
Chi a 6.2 ± I.I 2.5 ± 0.2 3.3 ± 0.7 2.7 ± 0.4 (mgfm2) 
Org. Bio. 37.2 ± 7.0 17.2 ± 4.5 27.1 ± 1.9 44.8 ± 22. 1 (g!ml) 
A.I. 5987 6913 8306 16896 
R 328.7 ± 70.3 73.7 ± 21.3 (mg0 zlhrim2) 
Pn 
-305.3 ± 21.6 -101.4 ± 9.6 (mgOi/hr/1112) 
Pg 79.3 ± 32.3 6.3 ± 6.2 (mgOfirr/1112) BB 
Chi a 1.1 ± 0.4 0.6 ± 0.1 (mgfm2) 
Org. Bio. 39.0 ± 8.7 30.7 ± 1.8 (giml) 
A.I. 34643 54873 
I 
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APPENDIX I 
Summary table of mean± s.e. surface phytoplankton R, Pn, Pg, chl-a, Borg, and A.I. for 
each sampling season. 
Mean ± SE KAT HAND LEG USM (n=lO) (n=10) (n=lO) (n=10) 
R 92.2 ± 27.0 40.0 ± 12.0 53.3 ± 14.5 76.7 ± 22.8 (mg0i/hrfm3) 
Pn 775.6 ± 90.9 304.4 ± 58.4 933.3 ± 109.6 866.7 ± 54.6 (mg0iJlu!m3) 
Pg 867.8 ± 102.5 348.9 ± 58.6 986.7 ± 118.0 943.3 ± 73.3 
Summer 
(mg0j hr/m3} 
Chia 4.6 ± 0.68 1.5 ± 0.46 7.4 ± 0.44 6.8 ± 0.39 (mgfm3) 
Org. Bio. 22.1 ± 0.73 12.3 ± 1.62 16.3 ± 0.96 14.7 ±0.41 (g!m3) 
A.I. 4791.8 8195.6 2206.4 2159.5 
R 275.0 ± 12.2 64.4 ± 9.5 238.3 ± 26.1 73.3 ± 5.5 ( mg0.{hr/m3) 
Pn 388.3 ± 89.6 298.9 ± 63.6 480.0 ± 26.9 1091.1 ± 17.6 (mgOz1l1r/m3} 
Pg 663.3 ± 98.5 385.6 ± 45.6 718.3 ± 32.7 1164.4 ± 17.6 
Fall 
(mg0 / luim3) 
Chia 6.9 ± 1.02 3.5 ± 0.19 8.6 ± 0.65 7.2 ± 0.5 1 (mgfm3} 
Org. Bio. 3.5 ± 0.75 4.3 ± l.22 4.1 ± 0.99 4.4 ± 0.31 (gim•) 
A.I. 509.1 1225.8 473.2 610.2 
R 212.2 ± 17.2 105.6 ± 5.6 133.3 ± 9.4 77.8 ± 15.4 (mg0 ifhr/m3) 
Pn 455.6 ± 44. 1 604.4 ± 50.4 297.8 ± 34.0 71.1 ± 34.7 (mg0/hr!m3) 
Pg 667.8 ± 47.4 710.0 ± 50.4 431.1 ± 40.8 150.0 ± 44.9 
Winter 
(mgO i'11rlm3) 
Chia 5.1 ± 1.29 3.7 ± 0.43 2.1 ± 0.64 2.6 ± 0.69 (mg/m3) 
Org. Bio. 12.4 ± 0.46 10.0 ± 0.84 12.7 ± 0.87 11.9 ± 0.48 (glml) 
A.I. 2446.4 2693.2 6020.3 4551.8 
R 135.6 ± i.O 125.6 ± 7.0 141.1 ± 6.4 157.8 ± 12.1 (mgOiJlrr!m3) 
Pn 295.0 ± 26.3 996.7 ± 48.2 341.7 ± 31.7 663.3 ± 25.6 (mg02-'l1rfm3) 
Pg 430.6 ± 24.5 1122.2 ± 44.2 482.8 ± 31.8 821.1 ± 28.0 (mg0/hr!m3} Spring 
Chia 5.2 ± 0.53 6.6 ± 1.61 2.6 ± 1.22 5.8 ± 0.19 (mglm3) 
Org. Bio. 7.9 ± 1.63 4.9 ± 0.84 6.2 ± 0.98 8.2 ± 1.06 (g/ml) 
AL 1518.5 735.2 2396.4 1412.9 
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Table A8. Summary table of mean± s.e. bottom phytoplankton R, P0 , Pg, chi-a, Borg, and 
A.I. for each sampling season. 
----····-···-----··---·-·-·-·-·-·-·- ·-·-- ····-·- -------- ---------·- ----------·-- ------·-·---- ---~-~--~-
Mean ± SE KAT HAND LEG USM (n=lO) (n=lO) (n=lO) (n=lO) 
R 255.0 ± 16.9 52.2 ± 4.4 225.0 ± 18.6 92.2 ± 6.8 (rng~r/m3) 
Pn 1020.0 ± 83.1 480.0 ± 56.0 575.0 ± 41.6 1027.8 ± 29.7 (mg0fhr/m1) 
Pg 1275.0 ± 92.6 532.2 ± 57.J 800.0 ± 50.7 1120.0 ± 26.7 ( mg()t'hr/m 3) 
Fall 
Chia 15.5 ± 1.98 6.0± 1.19 7.0 ± 0.75 7.3 ± 0.39 (mglm3) 
Org. Bio. 4.3 ± 0.96 4.3 ± 1.54 6.5 ± 1.31 4.4 ± 0.22 (glml) 
A.[. 274.9 709.0 920.4 599.1 
R 202.2 ± 9.9 71.1 ± 10.2 125.6 ± 7.2 42.2 ± 8.2 (mg0:i/hrlm3) 
Pn 446.7 ± 80.6 39J.l ± 40.2 222.2 ± 29.8 48.9 ± 14.4 (mg0fhrlm3) 
Pg 648.9 ± 84.4 462.2 ± 43.8 347.8 ± 33.2 91.1 ± 16.6 (mg0fhr!m3) 
Winter 
Chia 5.2 ± 1.27 3.0 ± 0.80 2.9 ± 1.03 2.2 ± 0.71 (mgim3) 
Org. Bio. 13.3 ± 0.71 10.5 ± 0.60 12.3 ± 0.65 I 1.1 ± 0.45 (g!ml) 
A.!. 2577.I 3447.4 4258.5 3937S 
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